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When Q-Sepharose was used in the purification of V- 
nitrogenase from Azotobacter vinelandii, an increase in resolution 
was observed which resulted in a separation of the nitrogenase 
component 1 protein into two forms, labeled A v I 'a  and A v I ' b * Even 
though both forms possessed the same enzymatic behavior, A v I ’a 
exhibited a lower specific activity and migrated during gel filtration 
with an apparent lower molecular weight than A v I ' b . Furthermore, 
SDS-polyacrylamide gel electrophoresis showed different relative 
compositions of the two major subunits of both forms with A v I 'a 
possessing a trimer (a p 2) pattern compared to the tetramer (012P2) 
pattern found for A v I ' b - Metal analysis indicated a V to Fe ratio of 
1:19 for A v I ' a  and 2 :30  for A v I ' b * EPR spectroscopy revealed that 
both proteins retained the S = 3/2  and S = 1/2 signals observed in 
earlier isolations with an additional S = 1/2 signal present in the 
spectrum of protein A. These results suggest that A v I 'a  is an 
incomplete form of the VFe protein, containing only one cofactor 
and one P-cluster with an additional [Fe4-S4] cluster. The presence 
of a V-storage protein in A. vinelandii was also investigated. 
Although no V-storage protein was found, two V-binding proteins 
were observed.
Inactivation of V- and Mo-nitrogenase by organic solvents 
was investigated by kinetic measurements. The dependence of 
catalytic activities on cosolvent concentration resulted in a 
sigmoidal shape curve for most systems studied, which indicated 
cooperative type interactions. Ethanol demonstrated
noncooperative inhibition of V-nitrogenase. Ethylene glycol and 
NaCl have been shown to affect the enzyme by similar mechanisms 
in which relaxation state of component 1 protein, association of the 
nitrogenase proteins, and/or binding of MgATP to the Fe-protein 
are believed to be affected. These cosolvents provide an alternative 
means for quenching the nitrogenase reaction.
The Arrhenius plot for V-nitrogenase is biphasic with a break 
at 25°C. Activation energies were calculated to be 22 and 82 
kJ/mol above and below the break, respectively. The addition of 
ethylene glycol was shown to increase activation energy at lower 
temperatures to 128 kJ/mol.
INTRODUCTION
More than a quarter of the earth's atmosphere is made up of 
nitrogen but in an inert gaseous form, as dinitrogen. Though 
nitrogen is generally considered the second most limiting nutrient 
for growth of plants in their natural environment, neither plants 
nor animals are able to convert stable dinitrogen to a biologically 
useful form. Nitrogen fixation is the process of converting 
atmospheric N2 into a biologically useful form, NH3. To date, only 
eubacteria and archaebacteria, either free-living or closely 
associated with plants, have been shown to possess the ability to 
biologically fix nitrogen. Thus, plants and animals depend directly 
or indirectly on these nitrogen fixing organisms for their source of 
usable nitrogen for the synthesis of proteins, nucleic acids, and most 
other biomolecules.
The industrial fixation of nitrogen, accomplished through the 
Haber-Bosch process, converts N2 to NH3 under the extreme 
conditions of temperatures between 300 and 500°C, pressures over 
300 atmospheres, and the presence of Fe-based catalysts. However, 
interest in the biological nitrogen fixation process has not been lost 
since it produces approximately 60% of the earth's newly fixed 
nitrogen, while industrially fixed nitrogen contributes only 25% 
with the remaining 15% being produced by lightning, UV radiation 
and other minor sources. Furthermore, the increasing concern over 
the contribution of fertilizer nitrogen to water pollution has 





Farmers discovered centuries ago that it was beneficial to mix 
certain types of crops (N2-fixing) with others (incapable of fixing 
N 2), although the basis of the enhanced growth was not apparent.
It was not until 1888 that convincing evidence for N2 fixation in 
leguminous plants was published by Hellriegel and Welfarth ( 1). 
Their studies set the foreground for research on N2 fixation by 
establishing that the process occurs in the root nodules of pea 
plants. Somewhat later, Winogradsky reported that the free living 
microorganism Clostridium pasteurianum  was capable of fixing 
nitrogen (2). Several years after the discovery by Winogradsky, 
Bijerinck reported that Azotobacter chroococcum , also a free living 
bacterium, was likewise capable of converting N2 to ammonia (3).
It was not until 1949 that most photosynthetic bacteria were 
recognized as being capable of fixing nitrogen (4 ).
Meyerhof and Burk (1928) conducted some of the earliest 
research directed specifically at the biochemistry of nitrogen 
fixation (5). Through their investigations they determined the 
influence of the partial pressure of oxygen and the partial pressure 
of nitrogen on the fixation process by Azotobacter chroococcum. In 
the 1930's Wilson and his associates conducted research on the 
biochemistry of the nitrogen fixer Rhizobium trifolii. Their primary 
goal was to define the response of nitrogen fixation to various gas 
atmospheres. They investigated the response of the red clover 
system to changes in the partial pressures of nitrogen, oxygen, and
2
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hydrogen as well as the responses to changes in the pC0 2 - 
Surprisingly, they observed that H2 functioned as a specific 
competitive inhibitor of nitrogenase (6 ). Wilson published a book 
entitled "The Biochemistry of Symbiotic Nitrogen Fixation" in 1940 
in which he collected and analyzed data that had been reported by 
various investigators up until that time (7).
With the dawning of biochemical studies of nitrogen fixation 
came an increasing number of reports describing N2 -fixation by a 
variety of free-living microorganisms which were far easier to 
manipulate than the symbiotic microorganisms. The free-living 
diazotrophs Azotobacter  and Clostridium  were recognized as high 
activity fixers, thus they have been used extensively in N2 -fixation 
research. During these earlier studies there was a general 
ignorance of the conditions which best supported N2-fixation. The 
repressive effect of fixed nitrogen on nitrogenase was not 
understood, nor was the need for anaerobic conditions by 
facultative diazotrophs known. Early investigations were further 
hampered by the lack of suitable analytical methods. In fact, little 
real progress was made until analytical methodology advanced.
The first major technical advance in N2 fixation detection was 
the employment of the stable isotope 15N in N2 fixation studies. 
Burris and Miller (8 ) (1941) demonstrated that organisms could not 
incorporate 15N 2 by simple exchange, and therefore, the uptake of 
15N 2 could only occur through nitrogen fixation. This method 
provided definitive proof for N2 fixation with sensitivity about 
1000-fold greater than the previously used Kjeldahl's method. This 
powerful technique formed the basis for much of the biochemical
4
and bacteriological work done on N2 fixation during the 1940's and 
1950’s.
It became increasingly obvious that in order to understand 
nitrogen fixation, it needed to be accomplished outside the cell. 
Carnahan and associates (9) reported that they had developed a 
method that gave the first consistently repeatable cell-free fixation 
of nitrogen with preparations from C, pasteurianum. This proved to 
be a major achievement which marked a turning point in the 
studies of the biochemistry of the process. It became rapidly 
apparent that the cell extracts fixed N2 into NH4+ , and the levels of 
N H 4+ were sufficient to permit analysis of N2 fixation by 
colorimetry or titration. Monometric methods for measuring 
nitrogenase activity with extracts were also developed which took 
advantage of the ability of nitrogenase to evolve H2 in the absence 
of added reducible substrate. Both the ammonia and monometric 
methods were simpler and more rapid than the previously used 
15N 2 analysis, but lacked the sensitivity that was obtained with the 
15N 2 analysis or the more recent acetylene reduction method.
Development of the acetylene reduction method was coupled 
with the discovery that nitrogenase could reduce compounds other 
than N2 . In 1966, Dilworth (10) showed that nitrogenase could 
reduce acetylene to ethylene. Soon after that Hardy and Knight
( 11) recognized the analytical possibilities of this substrate coupled 
with gas chromatographic analysis and thus developed the 
acetylene reduction assay that is still used today. There are distinct 
analytical advantages to this new assay which include: 1) an 
increase in sensitivity ( 103 times more sensitive than 15N 2 method);
2 ) the easiness of the technique (simple gas handling techniques 
and gas chromatograph and incubation equipment that are also 
easy to use); 3) the presence of the internal standard, C2H 2 . These 
characteristics of the acetylene reduction assay along with its 
expeditiousness and economical attributes has made it the most 
widely used assay for N2 fixation research to date.
As far back as the 1930's it was known that molybdenum was 
essential for growth of the nitrogen fixing bacteria A. chroococcum .
(12). Studies followed which supported the general consensus that 
molybdenum was absolutely essential for nitrogen fixation. 
Vanadium was also demonstrated to stimulate growth but at the 
time was essentially disregarded as a necessary element for 
nitrogen fixation. The role of Mo became apparent with isolation 
and characterization of the two separable Mo-nitrogenase proteins, 
the Fe-protein and the MoFe-protein (13), with its FeMo-cofactor
(14). It was not until 1980 that the necessity of molybdenum for 
N 2 fixation was challenged, when Paul Bishop and coworkers 
showed that mutants of the bacterium A. vinelandii, unable to grow 
by nitrogen fixation in media containing Mo, exhibited diazotrophic 
growth in media when no Mo was present. It was proposed from 
these results that a second nitrogenase exists, expressed under the 
conditions of Mo deprivation, and therefore may not require Mo
(15). An analogous deletion strain of A. chroococcum was unable to 
grow under the same conditions, but its growth was stimulated by 
low concentrations of V (16). It was not until its isolation and 
characterization from A. chroococcum (16) and A. vinelandii (17), 
that V-nitrogenase was definitely proven to exist. More recently, a
nitrogenase was isolated from a mutant of A. vinelandii in which 
the structural genes for both Mo and V nitrogenases had been 
deleted, a third genetically distinct enzyme, nitrogenase-3 (18). 
When isolated, this enzyme grown in the absence of added Mo and 
V, has been shown to lack significant quantities of Mo and V (19).
Soon after the isolation of the two proteins of nitrogenase, 
McNary (20) determined that ATP was required for N2 fixation. Bui 
and Mortenson (21) reported that magnesium ATP bound 
specifically to the iron protein. It was shown that the binding of 
MgATP to the Fe-protein dropped the oxidation-reduction potential 
of the Fe-protein by approximately 100 mV, putting it at such a 
reduction level that it could donate electrons to the molybdenum- 
iron protein. In 1973, Tso and Burris confirmed earlier reports that 
the Fe-protein binds MgATP, and they went on to demonstrate that 
M g2+ is required for N2-fixation. They also established that MgADP 
is an inhibitor of nitrogen fixation by occupying one of the two 
MgATP-binding sites on the Fe-protein. Winter (22) established the 
stoichiometry of the ATP requirement by showing that two ATPs 
were required for each electron transferred in the system.
Ferredoxin had been shown to serve as an electron donor in the 
nitrogenase from C. pasterianum  but proved to be inconvenient to 
use for in vitro experiments. Bulen et al. (23) made the observation 
that sodium dithionite (Na2 S2 0 4 ) could serve as a reductant in the 
isolated nitrogenase system greatly simplifying the study of the 
reconstituted nitrogenase system.
1.2 COMPONENTS OF NITROGENASE
1.2.1 Nomenclature
Despite the diverse nature of the nitrogen-fixing bacteria, the 
nitrogenase enzyme synthesized by each are extremely similar. 
Always consisting of two separable proteins, generally referred to 
as component 1 and component 2, named after their order of 
elution off an anion exchange column. In 1972, Eady et. al (24) 
established a nomenclature for referring to the two proteins of the 
Mo enzyme from different bacterial sources. This nomenclature 
uses the first two letters of the bacterial strain followed by a 1 or 2, 
referring to component 1 or 2. Thus, component 1 and 2 from A . 
vinelandii was referred to as Avl and Av2, respectively. When V- 
nitrogenase was first isolated, a new designation was established 
such that component proteins for V-nitrogenase were designated 
Acl* and Ac2* from A. chroococcum (25) and A vl' and Av2' from 
A. vinelandii (17).
1.2.2 M o-nitrogenase
Component 2 : (also called the Fe-protein) is the smaller of the two 
proteins with a molecular weight of approximately 60,000 and 
consists of a dimer (72) of identical subunits. Spectroscopic, 
biochemical, and genetic data have determined that the Fe protein 
has a single [Fe4 -S4 ]2+/1+ cluster that is bridged symmetrically 
between the two subunits close to the surface of the protein (26- 
28) (Fig. 1.1). The three dimensional structure of the Fe-protein 
from A. vinelandii has been determined to 2.9 A resolution (29) 
which confirmed previous proposals concerning location and 
binding of the metal cluster between the two subunits.
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Figure 1.1 Schematic representation of Component 2 (Fe-protein)
The [Fe4 -S4 ]2+ cluster can be reversibly reduced by one electron 
with a reduction potential of -320 mV versus SHE.
The Fe-protein has two MgATP binding sites that are located 
approximately 20 A away from the [Fe4 -S4 ] metal cluster (Fig. 1.1). 
The binding of MgATP to the Fe-protein has been found to influence 
the environment of the [Fe4-S4 ] cluster in such a way that: 1) O2 
sensitivity increases; 2) the E° is lowered by ca. 100 mV (30); 3) the 
EPR signal changes from rhombic to more axial (31); and 4) the 
cluster's Fe atoms, which are inert to chelators in the absence of 
MgATP, become accessible to chelators in its presence.
Component 1: (also called the MoFe-protein for Mo-nitrogenase) is a 
tetramer composed of 2 pairs of subunits in an OC2P2 structure with 
a molecular weight around 240,000 (Table 1.1). Contained in the a  
subunit of component 1 is an extractable metal cluster called the 
iron molybdenum cofactor, or FeMoco, which is generally believed 
to be at or near the substrate reductive site. The structure of this 
cofactor has recently been determined by X-ray crystallography 
and shown to consist of two cuboidal clusters, MoFe3S3 and Fe4S3, 
bridged by two or three inorganic sulfides for a proposed 
stoichiometry of MoFe7S8-9 (32,33). In addition to the two 
cofactors, component 1 contains another pair of metal clusters 
called P-clusters which are best described as bridged [Fe4 -S4 ] 
cubanes giving an overall composition [Fes-Sg] (34). The P-cIuster 
has been shown to be shared by the a  and p subunits equally, with 
[Fe4 -S4 ] cluster in each (35). The function of the P-cluster is 
unknown, but may serve to shuttle electrons from component 2 to 
the cofactor in component 1.
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1.2.3 V-nitrogenase
Like the conventional form of the enzyme (Mo-nitrogenase), 
V-nitrogenase contains both component 2 (Fe-protein, Av2') and 
component 1 (VFe-protein) proteins (Table 1.1). The Fe-protein of 
the V-nitrogenase from A. vinelandii (Av2’) has been shown to be 
almost identical to the Fe-protein from the Mo-nitrogenase enzyme 
<Av2).
Component 1: the principal physical features which distinguish VFe-
protein from MoFe-protein are the metal content, where V is used 
instead of Mo in the cofactor, and the subunit structure, where the VFe 
protein is hypothesized to exist as a hexamer (OC2P2S2) instead of a 
tetramer (Table 1.1 and Fig. 1.2). The structure of the FeV cofactor 
(FeVco) in the VFe-protein has not been determined, though MCD (36), 
EXAFS (37-39) and Mossbauer (40) spectroscopic studies strongly 
suggest that the FeV-cofactors, as well as the P clusters, are similar to 
the analogous metal clusters found in the MoFe protein. Table 1.2 
shows the metal content of the three different component 1 proteins 
from A. vinelandii. AH nitrogenase proteins are inactivated by oxygen, 
though both alternative nitrogenases are more sensitive than Mo 
nitrogenase (19,41).
1.3 NITROGENASE REACTION
There are two component 2  binding sites on component 1, 
hypothesized to be located between the a  and p subunits. The two 
proteins associate transiently while the component 2  donates an 
electron to component 1. For this to occur, nitrogenase requires 
a source of reducing potential and the energy from adenosine 
triphosphate (ATP). When these are supplied, substrate reduction
Table 1.1: Subunit Composition of the Three nitrogenases from A .
vinelandii
M o - N i t r o g e n a s e  
Component 1: (ct2p2) 
Component 2 : (72)
V - N i t r o g e n a s e  
Component 1: ((X2P2S2)
Component 2: (72)
N i t r o g e n a s e - 3  
Component 1: ((X2P282 
or a2p52> 
Component 2: (72)
 Subunit Molecular Weights
a p 5 y
55,288  59 ,459
31 ,516
53,877  52 ,775  13,372
31,042
58,326  51 ,153  15,369
- - -________ - - -________  29,883





Figure 1*2 Schematic representation of the a  and p subunits of the
component 1 protein from V-nitrogenase. The 8 subunits are not 
shown since there location of binding is unknown.
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TABLE 1.2: Metal Content (g-atoms • mol-1) of Component 1
Proteins from A. vinelandii
g-atoms*mol' 1
Component 1 Mo V Fe
A v la 2 3 0 -3 3
A v l’fc <0.05 0 .62 9.3
A v l” c 0.13 <0 .0 1 24.2
a refs (46,47) 
b ref (17) 
c ref (19)
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occurs in a series of steps in which component 2  is reduced by an 
external reductant and binds 2MgATP molecules. Component 2 
forms a complex with component 1 and transfers an electron to 
component 1 with hydrolysis of a minimum of 2MgATPs. The 
electron is transferred to component 1 and component 2  dissociates 
from component 1 to start the cycle again. These four steps make 
up what is called the Fe-protein cycle which must occur 8 times 
before dinitrogen is reduced to ammonia (Fig. 1.3). Under optimal 
conditions the overall stoichiometry of biological nitrogen reduction 
by Mo-nitrogenase has been determined to be as follows (48):
N2 + 8 H+ + 8e- + 16MgATP -» 2NH3 + H2 + 16MgADP + 16Pi.
In addition to reducing N2, the enzyme will reduce a number 
of small molecules, such as acetylene, azide, nitrous oxide, 
methylisocyanide, cyclopropene, and in their absence, protons.
Even in the presence of other substrates, proton reduction to H2 is 
never completely suppressed, such that there is always a certain 
percentage of electron flux going towards proton reduction. Despite 
the similarities in protein and metal cluster structure between the 
Mo- and V-nitrogenase their enzymology differs somewhat. The V- 
nitrogenase has been shown to evolve much more H2 (40-50% of 
the electron flux) during N2 reduction (41) than do the Mo- 
nitrogenases (25% of the electron flux) (49). Additionally, V- 
nitrogenase produces hydrazine (N2H 4 ) as a minor product of N2 
reduction (50), and ethane as a minor product during acetylene 
reduction (51), not normally produced by Mo-nitrogenase.
1 5
Comp2 (MgATP) 2 + C om pl ■Comp 2 (MgATP) 2Com p 1
HS03“ + 2MgADP
S 0 2 * + 2 MgATP
/
Com p2ox(MgADP)2 + C om plred- ^ —  Com p2ox(MgADP)2 C o m p lred
Figure 1.3: Fe-Protein Cycle
CHAPTER 2: MATERIALS AND METHODS
2.1 CELL GROWTH
All strains of Azotobacter vinelandii were grown in a modified 
Burk’s nitrogen free medium (52) where M0 O4 2- is replaced with 40 
|iM  V2O5 (Matheson Coleman & Bell) to induce the expression of the 
vanadium nitrogenase and vanadium storage protein. Three 
different strains were used: UW, wild-type strain capable of
producing all three nitrogenases; LS10, a strain containing a 
deletion in nifH D K , the genes encoding the structural proteins of 
Mo-nitrogenase, and rifampicin resistance; LS15, a strain identical 
to LS10 but also tungsten resistant for diazotrophic growth. Cells 
were grown at 30°C in a Nalgene 100 L cylindrical vessel with 
constant vigorous aeration. Growth was monitored by 
measurement of optical density at 630 nm (Ag3o) with a Cary 219 
spectrophotometer. Under these conditions the cells were 
harvested during midlog growth (A63o«1.3) with a Pelicon 
concentrator (Millipore) to yield approximately 2g/liter wet-weight 
of cells with a typical component 1 crude extract specific activity of 
25 nmoles C2H 2 reduced min-1 (mg of protein)-1. Cell paste was 
frozen by dropping small pieces into liquid nitrogen and then stored 
in a Revco freezer (at -70°C). Wild type and LS15 cells were grown 
both at LSU and at the University of Wisconsin; in the latter case 
the frozen cell paste was shipped in dry ice.
2.2 PURIFICATION
Because of the oxygen sensitivity of the nitrogenase proteins 
all procedures were performed under anaerobic reducing conditions
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after the initial weighing of the cell paste. Reducing conditions 
were obtained by adding dithionite (sodium hydrosulfite) to 
degassed solutions and working in an inert atmosphere glove box 
([O 2 I <lppm). A I M  stock solution of dithionite was prepared by 
combining degassed dithionite (0 .2  g per ml of stock solution 
needed) and degassed 25 mM NaOH. This stock solution was added 
to all buffer solutions to make the final concentration 2 mM 
dithionite.
The isolation and purification of the enzyme was achieved 
using a modification of the method of Burgess et al. (53) and Hales 
et. al (17). Cells (200-300 g) were weighed out in 300 ml centrifuge 
bottles, 50 g of cell paste in each. Outer caps were loosely screwed 
on bottles which were then transferred into the glove box along 
with inner lids before the cells thawed. Inside the glove box, cells 
were allowed to thaw and then suspended in approximately 250 ml 
of 25 mM TRIS buffer, pH 7.4 containing 4 M glycerol and 2 mM 
dithionite. The inner lids with o-rings were placed in the mouth of 
the centrifuge bottles and the outer caps were tightened to prevent 
any leakage. After approximately 30 min. (no less), the mixture of 
cells and buffer was centrifuged at 10,000 RPM for 20 min. The 
centrifuge bottles were transferred back into the glove box, the 
glycerol solution was discarded and the cell pellet resuspended in 
25 mM TRIS buffer containing 10-20 mg each of DNase, RNase, and 
ligase. After a 30 minute incubation, the mixture was centrifuged 
at 13,000 RPM for one hour at 4°C. The centrifuge bottles were 
taken back inside the glove box, the supernatant (approximately 
1 0 0 0  ml) was concentrated to about one-fifth the original volume
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using a Minitan ultrafiltration system (Millipore) containing PTTK 
30,000 NMWL filtration plates (Millipore). The cell extract (lysate) 
was usually placed in a 500 ml round bottom flask and frozen in 
liquid nitrogen until further purification. In the case of wild-type 
cells, the supernatant undergoes a heat treatment step preceding 
concentration. The wild-type cell lysate is placed in a large round 
bottom flask and carefully heated at 56° C for 5 min. The heat 
treated lysate is then poured into centrifuge bottles and centrifuged 
at 13,000 RPM for 45-60 min. The resulting supernatant is frozen 
until further purification. Due to the greater heat sensitivity of the 
V-nitrogenase compared to Mo-nitrogenase, no heat treatment step 
was used.
The next step in the purification process involved an anion 
exchange column, typically DEAE cellulose (diethylaminoethyl on 
cellulose beads, Sigma). The columns used were generally 4.3 cm in 
diameter and 190-200 cm in length (about 300 ml bed volume) and 
were usually set up outside the glove box. Smaller scale 
purifications were frequently done in the glove box. Prior to 
loading the lysate, the DEAE column was equilibrated with three to 
five bed volumes of 0.08 M NaCl in 25 mM TRIS, pH 7.4 with 2 mM 
dithionite, until reducing. The reducing condition of the column was 
checked by using dried filter paper that had been soaked in a 
solution of 1% methyl viologen. Dithionite reduces methyl viologen 
to give a characteristic blue color so that when buffer eluting from 
the column tums the filter paper blue, the column was reducing.
Once the DEAE column was reducing, the lysate was loaded 
onto the column and washed with three bed volumes of 0.1 M NaCl
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buffer (25 mM TRIS, pH 7.4) to remove any loose binding proteins. 
The adsorbed proteins were eluted from the column with a linear 
salt gradient (0.1-0.4 M NaCl) in 25 mM TRIS, pH 7.4. The salt 
gradient was obtained by combining equal volumes of the low and 
high salt buffers (total 5 bed volumes), by pumping the lower salt 
buffer onto the column at two times the rate at which the higher 
salt buffer was pumped into the reservoir of the lower salt buffer. 
Approximately 10-20 ml fractions were collected from the column 
and component 1 and component 2  activity were tested by the 
acetylene reduction assay. Salt concentrations were monitored 
using a conductivity meter (Fisher Scientific, Model 152). Mo- 
nitrogenase proteins separated fairly well on DEAE, MoFe-protein 
eluting at approx. 0.12 M NaCl and the Fe-protein at approx. 0.22 M 
NaCl. The V-nitrogenase proteins do not separate as well on DEAE 
requiring further purification prior to gel filtration. To further 
purify the V-nitrogenase proteins a second anion exchange column 
was used containing Q-Sepharose resin (Sigma).
Fractions from the DEAE cellulose column that contained VFe- 
protein and Fe-protein activity were pooled, diluted to decrease the 
salt concentration, and reconcentrated with the Minitan 
concentrator. A 150 ml Q-Sepharose column (2.6 X 28 cm) was set 
up ordinarily in the glove box. The column was equilibrated with 
0.1 M NaCl buffer (25 mM TRIS, pH 7.4), and then the protein was 
loaded. The Q-Sepharose column subsequently was washed with 0.2 
M NaCl buffer (25 mM TRIS, pH 7.4) and the V-nitrogenase proteins 
were eluted with a linear salt gradient (0.2-0.5 M NaCl). Fractions 
containing A v l1 activity were combined separately from the Av2'
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fractions, and then concentrated (about 60-70 mg/ml) to prepare 
for gel filtration columns.
Sizing (Sephacryl S300, Pharmacia) columns (2.6 X 100 cm) 
were used to further purify the component 1 and component 2 
proteins of both V- and Mo-nitrogenase. Due to the porous nature 
of the Sephacryl, slower flow rates (20-30 ml/hr) were used to 
prevent tight packing of the resin. The column was made anaerobic 
and reducing with 0.3 M NaCl in 25 mM TRIS, pH 7.4 and 2 mM 
dithionite. Typically, the protein sample to be purified ( 5-7 ml, 
60-70 mg/ml) would be loaded at night and buffer would be 
pumped through the column at a very slow flow rate (18-22 
ml/hr). The next morning the flow rate would be increased to 
approximately 30 ml/hr and 5-10 ml colored fractions were 
collected in large (30 ml) anaerobic serum bottles that had been 
capped with rubber septa in the glove box. Sephacryl resin consists 
of polyacrylamide beads in which the pore sizes are fairly small 
enabling the smaller proteins to enter and retard their movement 
while the larger proteins are excluded and thus move more rapidly 
down the column. Component 1 with a MW varying from 220,000 
to 240,000 elutes first followed by component 2 with a MW of 
about 60,000. The activity for each protein was tested using the 
acetylene reduction assay, as described below. The active fractions 
for component 1 and component 2  proteins were pooled and 
concentrated using an Amicon ultrafiltration system (Millipore).
This system utilized membranes (YM 30, Millipore) which allowed 
proteins with molecular weights less than 30,000 to pass through
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with the filtrate while proteins with MW larger than 30,000 were 
re ta ined .
2.3 ACETYLENE REDUCTION ASSAY
Protein activity was monitored by the acetylene reduction 
assay. The acetylene assay vials were prepared as follows: One 
milliliter of an ATP-regenerating solution (2.5 mM ATP, 30 mM 
phosphocreatine, 0.125 mg/ml creatine phosphokinase and 5 mM 
M gCl2’6 H2 0  in 38 mM Tes-KOH, pH 7.4) was pipetted into each assay 
vial (12.8 ml serum vials with rubber septum). Using a schlenk line 
the vials were made anaerobic and filled with 1 atm of 1 0% 
acetylene in argon.
The purified proteins of nitrogenase have no activity by 
themselves, thus, require the presence of the complementary 
protein for activity. The activity of component 1 was obtained as 
follows: the electron source, 20 mM dithionite, was added to each of 
the assay vials along with a fixed amount of component 1. The vials 
were incubated at 30° C for a couple of min, and the assays were 
initiated by the addition of the complementary protein, the Fe- 
protein. The reaction was timed for 15 min. while the vials were 
incubated at 30° C in a shaker bath. The reactions were stopped by 
addition of 0.1 ml of 30% trichloroacetic acid which precipitated the 
protein and dithionite. The maximum activity for component 1 was 
obtained when 10  to 2 0 -fold excess of component 2  was added, 
therefore, a series of assays were run with increasing amounts of 
Av2‘ added.
Measurement of the specific activity of component 2 is 
slightly different in that too much component 1 will cause inhibition
22
of activity. An optimal ratio of the two proteins was determined by 
addition of increasing amounts of component 1 to a fixed amount of 
component 2. The maximum activity of the VFe-protein (A vl’) was 
obtained by complementing it with component 2 (Av2) from the 
Mo-nitrogenase enzyme. This gave a higher activity than if the V- 
nitrogenase component 2 (Av2’) was used. A Varian gas 
chromatograph (Model 3700) fitted with a Porapac N column, an 
FID (Flame Ionization Detector), and a strip chart recorder was used 
to measure ethylene generation.
2.4 PROTEIN CONCENTRATION
Protein concentration was determined by the biuret method 
using BSA (bovine serum albumin) as a protein standard. The 
biuret reagent was prepared by dissolving 0.75 g CuS0 4 *5 H 2 0 , 0.5 g 
KI, and 3.0 g sodium potassium tartrate in 250 ml water and adding 
150 ml 10% NaOH. A biuret assay was conducted as follows: 200- 
300 pg of protein was pipetted into 1.5 ml eppendorf tubes, w ate r 
was added to increase the volume to 2 0 0  p i and 1 ml of biuret 
reagent was added. The vial was vortexed thoroughly, incubated at 
room temperature for 20-30 min. and absorption of the solution 
was measured at 540 nm with a Varian Cary 219 
spectrophotometer. Protein concentrations were determined from a 
standard curve using BSA in a range of 200 to 1000 pg.
2.5 GEL ELECTROPHORESIS
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was conducted as described by Laemmli (54). In SDS- 
PAGE, separation of molecules results almost entirely from the 
differences in molecular size. Sodium dodecyl sulfate (SDS) is an
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anionic detergent that denatures a protein by unfolding and binding 
to it, giving it a charge proportional to the length of the polypeptide 
chain. For most proteins the charge density and the electrophoretic 
mobility are nearly constant, and thus separation on an SDS-PAGE 
gel is based on sieving alone. Separation due to size depends on the 
pore size of the gel matrix. The pore size of polyacrylamide gels can 
be varied by adjusting the amount of gel monomer or cross-linker, 
such that by increasing either, the pore size decreases. A smaller 
pore size would be used to separate low molecular weight 
polypeptides, while larger proteins would require a larger pore size.
Stacking gels containing 3 percent acrylamide, and running 
gel containing between 8 to 15 percent acrylamide were prepared 
from stocks of 30 percent by weight acrylamide (Amresco) and 0.8 
percent by weight iV,Af-bis-methylene acrylamide (Bio-rad). Slab 
gels 1.5 mm thick were formed in a Might Small II slab gel 
electrophoresis unit (SE 250, Hoefer Scientific Instruments).
Samples were prepared by combining the protein solution to be 
separated with an equal volume of 2X Treatment Buffer (0.125 M 
TRIS-C1 pH 6 .8 , 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 
bromophenol blue as the tracking dye) in an eppendorf tube and 
boiling them for 2 minutes. Depending on the protein concentration 
of the samples between 10 and 25 p.1 of the 2X treated samples 
(10-15 mg) were loaded into the stacking gels sample wells. 
Molecular weight standards (Bio-Rad) were loaded in usually two 
lanes and used to estimate the molecular weight of the protein 
bands separated on the gel. The gel was run at constant current at 
approximately 40 mA for 3-5 hours. The proteins were then fixed
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on the gel with a 50% methanol, 12.5% acetic acid solution and 
stained with Coomassie Blue-250. The density of the a  and {5 
polypeptide bands of A vl’ samples were determined by scanning 
densitometry (Bio-Rad) of Coomassie Blue-stained SDS-acrylamide 
gel.
2.6 METAL ANALYSIS
Vanadium analysis of column fractions was performed using a 
Perkin-Elmer atomic absorption spectrophotometer (Model 5100) 
equipped with a graphite furnace. For sample digestion, 3-13 mg of 
protein was placed in a 7 ml polyethylene vial (Kimble) and diluted 
to 0.5 ml with double distilled water after which 0.25 ml of 
concentrated nitric acid (Mallinkrodt) was added. Caps were loosely 
screwed onto each vial and samples were incubated at 70-80°C for 
5 hours. Once digested, each sample was diluted with double­
distilled water to a final volume of 1 ml (25% w/v nitric acid). The 
vanadium concentration in each sample was determined from a 
standard curve (50-500 ppb V2O 5 ) conducted at the beginning of 
each day’s analyses. Simultaneous vanadium and iron 
determinations on purified A vl' were done using a ICP emission 
spectrometer (ARL, Model 3400).
Molybdenum concentration was determined using a 
colorimetric assay (55,56). Samples to be analyzed were digested 
by adding 0.8 ml of concentrated H2SO4 and heating over a Bunsen 
burner until charred, allowing the sample to slowly fume for about 
1 minute. The samples were then clarified with a few drops of H2O 2 
(30%) and again heated to drive off residual peroxide. Samples 
were then cooled in an ice bucket as was 0.2% toluene-3,4-dithiol
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complex. A 2% dithiol solution was added (3 ml) and samples were 
incubated at room temperature for 20 minutes. Isoamyl acetate (3 
ml) was layered on top, and the suspension was vortexed for 10 
seconds and allowed to separate. The upper isoamyl acetate layer 
of each sample containing the Mo-dithiol complex was carefully 
removed and the absorbance was recorded at 630 and 680 nm 
(Afi3o and Aeso* respectively). The absolute concentration of Mo in 
each sample was determined using the following equation:
[Mo] = A680(7.27 x 10-5 . A 63o(4 .03  x 10-5) (56).
2.7 EPR SPECTROSCOPY
Component 1 fractions were concentrated with an Amicon 
concentrator (YM30 ultrafiltration membranes), transferred into 
quartz EPR tubes, and frozen in liquid nitrogen under anaerobic 
conditions. In general, approximately 300 p i of protein (25-70 
m g/m l) was added to each EPR tube in an inert glove box using a 
long needle and syringe. Samples were frozen by capping the EPR 
tube with a small septum and dunking the lower half of the tube in 
liquid nitrogen outside the glove box until completely frozen. All 
EPR samples were kept frozen by storing them in a liquid nitrogen 
dewar. EPR spectra were recorded at cryogenic temperatures (10K; 
10 mW) on a Bruker ER 300D spectrometer interfaced to a Bruker 
1600 computer for data storage and manipulations. An Oxford 
Instrument ER-900 helium flow cryostat positioned in a TE102 
cavity was used to reach low temperatures. Temperature was
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monitored and controlled using an Oxford Instrument Model ITC4 
temperature controller with a digital readout.
CHAPTER 3: SECOND FORM OF VFE-PROTEIN
3.1 INTRODUCTION
Previous purification of the VFe protein (A vl') of V- 
nitrogenase from A. vinelandii consistently yielded protein with 
variable V and Fe analyses. In an attempt to improve these 
analyses, we recently modified our purification scheme, replacing 
the ion exchange fractionation step on DEAE-cellulose with a Q- 
Sepharose anion exchange resin. In addition to improving the 
separation of A vl' and Av2\ the Q-Sepharose resin resolved A vl' 
into at least two peaks, suggesting the presence of two forms of the 
VFe-protein. Evidence will be presented which demonstrates that 
one peak is the previously characterized VFe-protein while the 
other is a second form of A v l’ that differs in polypeptide and metal 
composition as well as EPR spectra. Also, while the 8 (delta) subunit 
has been detected in preparations of purified VFe protein isolated 
from A. chroococcum (57), its presence previously had not been 
observed in preparations of A v l’. Electrophoresis results will be 
presented that gives visual proof of the S subunit’s existence.
3.2 RESULTS
Use of the Q-Sepharose resin greatly improved the separation 
of A vl1 and the Fe protein (Av2’) which coelute on the DEAE resin 
(Fig. 3.1). Unexpectedly, when fractions from the Q-Sepharose 
column were assayed for component 1 acetylene reduction activity, 
two maxima were observed suggesting two different forms of A v l’ 
(Fig 3.2). The form of A vl’ that elutes first from the Q-Sepharose 
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Figure 3.1 DEAE elution profile of component 1 and component 2 
for V-nitrogenase from A. vinelandii. Activities of component 1 
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Figure 3.2 Q-Sepharose elution profile of component 1 and 
component 2 of V-nitrogenase from A. vinelandii. Activities of 
component 1 (— ®— ) and component 2  (—□ --) are expressed as the 
relative rate of acetylene reduction. Relative concentration of 
vanadium in component 1 fractions.
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A v l 'a  or form A, and the form that elutes second (at higher salt 
concentrations) will be called A v I'b or form B. Comparison of the 
acetylene reduction capabilities of these two forms at this early 
stage of purification consistently showed the specific activity of 
A v I ' b to be greater (at least 25%) than that of A v I ’a - When forms 
A and B were purified by gel filtration using S-300 Sephacryl (Fig. 
3.3), component 1 activity again appeared to separate into two 
regions suggesting the two forms of the VFe-protein had different 
apparent molecular weights. By comparing the activity profile of 
the two peaks from the S-300 column to the Q-Sepharose column, 
form B was determined to elute prior to form A, and thus possessed 
the higher molecular weight. It was also noted that, at this point in 
the purification, A v I'a  exhibited low-temperature instability since 
there was a loss in activity following a single freezing and thawing 
of the protein. The activity of A v I'b was unaffected by freezing and 
thawing.
The fact that the two forms of A vl' chromatograph on gel 
filtration with different apparent molecular weights suggests 
differences in their subunit compositions. To investigate the 
subunit composition of form A and B, SDS-PAGE was utilized as 
described in the materials and method section. The subunit 
composition of the VFe-protein has been suggested to be CX2P2S2 
compared to the 02(^2 structure of the MoFe-protein, however the 5 
subunit had not been observed by SDS-PAGE previously. Using 15% 
gels, SDS-PAGE of Avl' (either form A or B) resulted in the 
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Figure 3.3 Gel filtration (S-300 Sephacryl) of the combined A and 
B VFe protein peaks from the Q-Sepharose elution (Fig. 3.2) again 
separating the component 1 activity into two peaks. The peak with 
the higher activity (peak B) migrated with a greater apparent 
molecular weight than peak A.
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In order to quantify the intensities of the a  and p subunits by 
densitometric traces a lower percentage acrylamide gel was used 
which allowed greater movement of the subunits through the gel. 
As a result the a  and p bands resolved better on the 8% acrylamide 
gel, however at the expense of losing the 5 subunit (running off the 
bottom of the gel). Consequently, the 5 band could not be 
quantitated along with the a  and p bands. Densitometric traces of 
the a  and p bands on the 8 % gel were taken and deconvoluted into 
gaussian peaks for better analysis (Fig 3 .5 ). Integration of these 
traces showed an approximate 27% difference in the integrated 
intensity of the a  and p subunits for form B, with the a  subunit 
being greater. When interpreting this result, it is important to 
remember that the a  subunit migrates faster than the p subunit on 
SDS PAGE, despite the larger molecular weight of the a  subunit (45). 
Because of the higher molecular weight of form B on the elution 
profile (Fig. 3 .3 ), it is believed to be the "normal" enzyme with the 
proposed CI2P2 composition for the two major subunits, previously 
characterized. This means that the P subunit stains 27% less than 
the a  subunit. Similar gaussian analysis of form A (Fig. 3 .5 ) showed 
a reversal in the staining pattern with the p subunit staining around 
27% greater than the a  subunit. Taking into account the difference 
in staining ability of the two subunits, these results imply that the p 
subunit in form A is at a concentration approximately twice that of 
the a  subunit suggesting an a p 2 subunit ratio for A v I 'a (Table 3.1 ).
Performing a similar determination on the relative 
concentration of the 8 subunit in the two forms of Avl* proved to be 
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Figure 3.4 SDS-15% polyacrylamide electrophoretic gel of A v l’
showing the a ,  p, and S subunits. In order to see the small 5 subunit 
band, A v l’ was overloaded on the gel, resulting in the appearance 
of protein contamination bands at around 45,000. Molecular weight 
markers used were: Bovin albumin, 66,000; Egg albumin, 45,000;
Phosphate dehydrogenase, 36,000; Carbonic anhydrase, 29,000; 
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Figure 3.5 Gaussian deconvolution of densitometric traces of the a  
and |3 subunits of A v I ’a  (A) and A v I ’b (B) separated on a SDS-8 % 
polyacrylamide gel. The arrow indicates the direction of 
electrophoresis.
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gels of both forms of the protein, the low and irreproducible 
intensity of this subunit among various preparations has prohibited 
an exact determination of the amount of the 5 subunit in either 
form. The source of this irreproducibility is unknown but suggests 
a loose binding of the 6 subunit to A vl' similar to that observed for 
the VFe protein from A. chroococcum  (58).
The crystal structure (35,59) of the MoFe protein shows that 
the cofactors (FeMoco) are contained inside the a  subunits. Because 
the VFe-protein also contain cofactors (FeVco) (36,37,60) which are 
similar to FeMoco (36), it is important to determine how the lack of 
an a  subunit in A v I'a  affects its cofactor concentration. If the VFe- 
protein lacks an a  subunit we would expect the cofactor 
concentration to be lower and thus a lower V concentration. Figure
3.2 compares component 1 activity and vanadium concentration for 
fractions eluted off the Q-Sepharose column, showing a direct 
correlation between these two quantities for all the active fractions 
and, therefore, for both A v I'a and A v I'b . A s expected, the 
vanadium concentration dictates the activity of the component 1 
pro tein .
On the other hand, metal analysis of protein from peak A and 
B showed the V to Fe ratio differed between the two forms. 
Specifically, A v I 'b contained V and Fe in a 2-to-30 quantitative 
ratio, analogous to that found in purified MoFe protein (two 
cofactors containing 7 Fe and 1 Mo each and two P-cluster possessing 
8 Fe each), while the ratio in A v I'a  was l-to-19 (Table 3.1).
The EPR spectra of the two forms differed slightly. Both 
forms (Fig. 3.6) exhibited the presence of the S = 3/2 and S -  1/2
TABLE 3.1: Summary of Analyses of A v I ’a  and A v I ’b
Protein Relative Subunits  Metal EPR
Activity^ Content g factors
______________________________________ Present C om position^ (V:Fe)___________S = 1/2___________S = 3 /2c





Av I ’b 100% a ,  p & 5 ot2p2 2V :30Fe 2.05, 1.94 5 .5
a Relative acetylene reduction activities with the activity o f  form B, the com plete 
form o f the protein, given the designation o f  full activity or 100%. 
b The 5 subunit could not be quantified, but has been shown to be present in both 
A v I ’a  and A v l’g .
c  A verage g factor for the S = 3/2 signal.
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states centered at g — 5.5 and g = 1.94, respectively, previously 
observed by us in earlier preparations of Avl' (17). Through 
analogy with the MoFe protein, the S = 3/2 signal has been assigned 
to the cofactor while the origin of the S = 1 /2  signal is unknown.
The only difference between the spectra of A v I ’a  and A v I ' b  occurs 
in the g -  2 region. When the g = 2 region of these spectra (Fig 3.7) 
are expanded, form B is found to contain only the single axial S -  
1/2 signal with = 2.05 and = 1.94 normally observed in Avl*. 
Form A, however, exhibits an additional signal which can more 
easily be seen by subtracting the axial signal of form B from the 
composite signal of form A, revealing a narrow, slightly rhombic 
signal with g = 2.03, gv = 1.93 and gv = 1.89 (Table 3.1).z y x
3.3 DISCUSSION
The presence of multiple forms of nitrogenase component 1 is 
not unprecedented. In the early purification of the MoFe-protein 
from Mo-nitrogenase, an inactive form of the protein was isolated. 
Although this protein retained the (X2P2 tetramer composition of the 
active MoFe-protein, it possessed only about half the iron, 
completely lacked any detectable Mo and was void of the S = 3/2 
EPR spectrum of the protein-bound cofactor (61,62).
Purification of component 1 from the third nitrogenase 
enzyme, nitrogenase-3, from A. vinelandii (19,63) similarly showed 
the presence of two forms of the enzyme. Amino acid analysis of 
the separated peptides has determined the composition of each 
form to be 012P and CX2P2 (the 5 polypeptide was not quantified). The 
x-ray structure of the MoFe-protein shows the polypeptide 





7 5 4 3 2
g  - factor
Figure 3.6 EPR spectra of A v I ’a  (A) and A v I'b  (B) recorded at 10 
K. Both spectra contain S = 3/2 and 5 = 1/2 signals centered at g = 
5.5 and g -  1.94, respectively. Protein concentrations of A v I ’a  and 
A v I ’b samples were 87 mM and 60 mM, respectively.
Spectrometer settings: frequency, 9.47 GHz; modulation amplitude, 
12 G; microwave power, 10 mW.
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Figure 3.7 Expanded EPR spectra of purified A v I ' a  (top) and 
A v I ' b  (middle) in the g = 2  region. A v I ' b  exhibits a single axial S = 
1/2  signal with gn = 2.05 and g±= 1.94. A v I ’a  contains the same 
signal seen in A v I ’b  plus an additional narrow, slightly rhombic 
signal with gz = 2.05, g y = 1.93, gx = 1-89. This latter signal is best 
revealed (bottom) by computer subtraction of the spectrum of 
A v I ' b  from that of A v I ' a *  Spectrometer settings were the same as 
described in legend of Fig 3.6 with the exception of modulation 
amplitude of 8  G. Both spectra were recorded at 10 K.
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subunits but do not interact with each other. The CC2P composition 
of nitrogenase-3 suggests the arrangement a[5a where the second a  
subunit has replaced the missing p subunit. Considering that the a  
and p subunits have similar secondary and tertiary structures, each 
consisting of the same three domains of a  helices and p strands, this 
replacement may not be that extreme.
The a P 2 composition of A v I ' a  suggests the more conservative 
peptide arrangement ap p  arising from the absence of one of the 
terminal a  subunits. Regardless of the peptide arrangement, it is 
obvious that both alternative enzyme systems synthesize active but 
truncated component 1 proteins. Why truncated forms of 
component 1 are synthesized only by the alternative systems and 
have not been observed in purified MoFe-protein is not known.
One simple explanation may be that the truncated forms are also 
processed by the Mo-nitrogenase genes but that they are much less 
temperature stable than the normal MoFe-protein. Therefore, the 
truncated forms are denatured during the 56°C heat step, a 
purification step not used on either of the alternative component 1 
proteins due to their greater temperature instability. Another 
possibility is that the a  and p subunits are more loosely bound to 
each other in the alternative enzymes than in the MoFe protein and 
therefore, more easily dissociate during purification. This latter 
possibility is consistent with our observation (unpublished data) 
that the VFe-protein of A. vinelandii slowly dissociates into smaller 
subunits upon dilution to < 10 pM .
In spite of the differences in polypeptide and metal 
compositions, the enzymologies of A v I ’a  and A v I ' b  are the same.
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This is expected since the pairs of P-clusters and cofactors on the 
opposite halves of the protein are separated by about 70A. In 
other words, the protein may be viewed as a dimer of enzymes 
where incomplete construction of one half of the dimer may lower 
the specific activity but does not appear to affect the catalytic 
behavior of the other half. The specific activity of form A was 
observed to be approximately 25% less than form B (Fig. 3.1) as a
result of the inactive p subunit in form A. Even though the
enzymology of A v I ’a  i s  unaffected by the missing a  subunit and 
cofactor, its redox profile is dramatically affected. Stepwise 
oxidation of A v I ’a  shows an unusual redox gating (90) midway 
through the titration which is not observed during the oxidation of 
A v I ' b  or Avl.
Metal analysis of A v I ’a  shows it to possess approximately 4 
more Fe atoms beyond that required for the single cofactor and P- 
cluster in its active half. The EPR spectrum of this form also shows
an additional signal with g av c <  2 (Fig. 3.6) characteristic of a
reduced ferredoxin. Because the ligation of the normal [Fes-Sg] P- 
cluster is shared equally by both the a  and P subunits, the absence 
of the a  subunits negates the ability of A v I ' a  to form two complete 
P-clusters but does not eliminate the potential for the formation of 
a [Fe4 -S4 ]-like cluster with the cysteine residues on the remaining p 
subunit. Therefore, we propose that the second g -  2 signal in the 
EPR spectrum of A v I ’a  arises from a single [Fe4 -S4 ]+ cluster bound 
to the second P subunit in a position normally occupied by the 
second P-cluster (Fig, 3.8). The presence of this cluster suggests a 




Figure 3.8 Schematic representation of the proposed structure of 
A v I 'a  where one a  subunit and half of a P-cluster are missing 
resulting in a [Fe4 -S4 ] metal cluster in one of the P subunits.
holoprotein. Ferredoxin-Iike [Fe4 -S4 ] clusters may be formed on 
both the a  and p subunits during their initial synthesis. Subsequent 
binding of these two polypeptides during the formation of 
component 1 would induce the coalescence of these [Fe4 -S4 ] clusters 
into a single P-cluster.
CHAPTER 4: V-BINDING PROTEINS
4,1 INTRODUCTION
Molybdenum is obviously required for the synthesis of the 
FeMoco. Unfortunately, biological uptake of molybdenum may be 
problematic due to its low natural abundance (ca. 1.5 ppm) (64). 
Azotobacter vinelandii has circumvented this problem by being 
extremely efficient in both Mo uptake and accumulation (65). To 
accomplish this, the bacterium excretes a siderophore in response to 
iron deprivation that strongly binds either Fe or Mo (as M0 O4 2-)
(6 6 ). Under Mo-deficient conditions, A. vinelandii hyperproduces a 
44 kDa protein along with a minor 77 kDa protein in the outer 
membrane, possibly to facilitate Mo transport into the cell (67).
Once inside the cell, Fe and Mo have been shown to accumulate in 
the form of bacterial ferritin and a constitutively produced Mo- 
storage protein, respectively (65,68). Analysis of the purified Mo- 
storage protein suggests that it is a tetrameric structure having a 
molecular weight of approximately 100,000 Da and consisting of 
two subunits of molecular weights 21,000 and 24,000 Da. In 
addition to binding Mo (at least 15 per protein), this protein can 
similarly sequester W (56,65). A Mo-storage protein also has been 
shown to be synthesized in the bacterium Clostridium  
pasteur ianu m , however, its expression occurs only under the 
conditions of nitrogen fixation. This latter storage protein differs 
from the one isolated from A . vinelandii, having a molecular weight 
of 50,000 with a monomeric structure that binds around 6  atoms of 
Mo per protein (69).
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With the isolation of V-nitrogenase, questions concerning the 
mode of uptake and processing of V are of interest. Experiments 
described in this chapter show that the previously isolated storage 
protein from A . vinelandii that has been shown to bind either Mo or 
W, does not appear to have a similar affinity for V. However, in 
searching for a V-storage protein, two new protein fractions were 
separated from crude extract, each containing a significant V 
content.
4.2 RESULTS
While monitoring the vanadium concentration of the various 
fractions eluted during the purification of A v l\ two new proteins, 
containing vanadium but lacking component 1 activity, were found. 
Because of possible existence of strain differences in the ability of 
this bacterium to synthesize a V-storage protein, both strains UW 
and LS15 were investigated and shown to give identical results. 
Specifically, extract from cells of strain UW or LS15 grown in the 
presence of 40 jiM V2O 5 was concentrated using pressure dialysis, a 
technique which significantly decreases the concentration of non- 
protein bound inorganic vanadium compounds. The extract was 
applied to an equilibrated DEAE cellulose column and washed with 
0.1 M NaCl buffer (the remaining column was treated with 0.1-0.5 
M NaCl gradient and no V-containing proteins other than A v I ' a  and 
A v I ' b  were observed). The initial 0.1 M NaCl wash fraction was 
found to contain vanadium but lacked component 1 activity.
To further investigate the nature of the vanadium in the 
wash, the wash fraction was diluted 2  fold to lower the salt 
concentration, reconcentrated, and applied to a Q-Sepharose column
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equilibrated with buffer containing no salt. The column was 
washed with three bed volumes of buffer, a 0.0-0.3 M NaCl gradient 
was then applied and the eluted fractions collected and analyzed for 
protein, salt, and vanadium concentrations. A plot of the vanadium 
concentration for each fraction showed the presence of two areas 
having relatively high levels of vanadium (Fig 4.1). The first of 
these two areas, labeled peak 1, eluted from the Q-Sepharose 
column with approximately 0.08 M NaCl while the second (peak 2) 
eluted with approximately 0.25 M NaCl.
Pienkos and Brill (1981) observed a similar profile for 
tungsten when the extract from wild-type UW cells (grown on 
medium containing 5.0 pM  WO42-) was chromatographed on a DEAE 
cellulose column. Specifically, two W-containing regions were 
observed. The first corresponded to a W-storage protein which 
eluted at around 0.1 M NaCl while the second protein, which eluted 
at about 0.2 M NaCl, was shown to correspond to the inactive W- 
containing form of component 1. Our laboratory has similarly 
observed (56) two W-containing proteins in the elution profile of 
extract from A. vinelandii mutant strain LM2 (a wild-type strain 
resistant to diazotrophic growth on high concentration of tungsten) 
grown on 1.0 mM WO42'. Again two W-containing proteins were 
observed, a W-storage protein followed by an active component 1 
protein containing W (and Mo).
Because A. vinelandii has been shown to synthesize a Mo- 
storage protein that also binds W, it is possible that one of these 
new peaks corresponds to this protein, which is now storing V. To 

































Figure 4.1 Elution profile of vanadium binding proteins from a Q- 
Sepharose column. The vanadium-containing 0.1 M NaCl fraction 
from the DEAE-cellulose column was applied to a Q-Sepharose 
column. A shallow salt gradient (0.0-0.3 M NaCl) revealed two 
peaks of high vanadium with no Avl* activity. Symbol (— O— ), 
vanadium concentration; (— H— ) protein concentration.
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Mo-storage protein eluted from Q-Sepharose similar to either of the 
V-containing peaks. Wild-type strain UW of A. vinelandii was 
grown on medium containing 20 pM Mo, the cells were lysed and 
the crude extract chromatographed on a Q-Sepharose column. Using 
colorimetric techniques to monitor Mo, the Mo-storage protein was 
found to elute at 0.12 M NaCl, obviously different from either V 
peak. These results demonstrate that the V peaks are not the 
previously characterize Mo-storage protein. They also demonstrate 
that the Mo-storage protein is unable to bind V.
Vanadium was found to be only loosely bound to the proteins 
of peaks 1 and 2. For example, when comparing the V content of 
the 0.1 M wash fraction from the initial DEAE cellulose column to 
the total vanadium eluted off the Q-Sepharose column, there was a 
75% loss in vanadium. The majority of this vanadium was observed 
to be lost during the concentration step of the 0.1 M wash fraction 
prior to the chromatography on the Q-Sepharose column. Because 
of this, an exact metal analysis could not be carried out and peaks 1 
and 2  could not be further purified. Therefore, all characterizations 
had to be performed on the Q-Sepharose peaks. At this stage of 
purification, the V concentration of both peaks was determined to 
be less than one V per polypeptide.
To demonstrate that the V peaks (Fig. 4.1) observed were not 
simply inorganic VOX( a separate experiment was performed in 
which an inorganic vanadate solution was applied to a Q-Sepharose 
column that had been equilibrated with a no salt, 0.025 M Tris 
buffer. The colored vanadate complexes bound tightly to the 
column resin, A 0.0-0.5 M NaCl gradient was applied but the
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vanadate complex did not elute from the column until buffer with 
salt concentrations greater than 0.5 M was applied.
Using SDS PAGE, the polypeptide composition of peaks 1 and 2 
was investigated. Samples from the high vanadium fractions of 
peaks 1 and 2 (Fig. 4.1) were run on 15.0% and 8.0% polyacrylamide 
SDS gels, respectively. Peak 1 contained no dominant polypeptides 
but exhibited four primary bands (Fig. 4.2) ranging in molecular 
weight from 23,800 to 33,000, with the greatest intensity in the 
band at 23,800. Peak 2, on the other hand, consisted of a major 
band having an apparent molecular weight of approximately 53,000 
and a mobility intermediate to the a  and p subunits of A vl' (Fig
4.3).
4.3 DISCUSSION
The absence of a detectable V-storage protein in A, vinelandii 
is very interesting. This bacterium has been shown (56,65) to 
accumulate Mo (or W) in a Mo-storage protein whose expression 
occurs under all conditions of growth and is not dependent on 
nitrogenase synthesis. In contrast, Mo storage in Clostridium  
pasteurianum  (69) is repressed by a fixed source of nitrogen while 
Klebsiella pneumoniae (65) does not accumulate Mo under any 
growth conditions. Presumably the uptake and storage system in A . 
vinelandii  allows Mo to accumulate inside the cell in times of plenty 
such that in the event of exhaustion of extracellular Mo the stored 
Mo can be used to synthesize the MoFe-protein. To our knowledge 
this is the only species that has the ability to do this. Our results 
show that this constitutive Mo-storage protein does not appear to 
bind vanadium. Because of the higher natural abundance of
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Figure 4.2 SDS-15% polyacrylamide gel of V-binding proteins 
from peak 1, shown in figure 4.1. Lane 1: Molecular weight 
markers Bovin albumin, 66,000, Egg albumin, 45,000; Phosphate 
dehydrogenase, 36,000; and Carbonic anhydrase, 29,000 Lane 2: 
Region 1 shows four primary bands with apparent molecular 
weights between 23,800 and 33,000.
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Figure 4.3 SDS-8 % polyacrylamide gel of V-binding proteins from 
peak 2, shown in figure 4.1. Lane 1: Molecular weight markers; 
Bovin albumin, 66,000; Egg albumin, 45,000; Phosphate 
dehydrogenase, 36,000 Lane 2: A v l’ J3 and a  subunits, Lane 3: V-
binding protein. Region 2 fraction (Lane 3) shows a single dominant 
band with an apparent molecular weight of 5 3 ,0 0 0 .
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vanadium relative to molybdenum, the absence of a V-storage 
protein may simply arise because there is no need to sequester V in 
most environments. Another possibility is that A. vinelandii may 
only store Mo and not V, thus favoring the synthesis of the more 
efficient Mo-nitrogenase.
Although a V-storage protein was not observed in cell extract 
of A. vinelandii grown in the presence of high V concentrations, V 
binding to two different proteins was detected. The low vanadium 
concentration of each of these proteins (less than one V per 
polypeptide following the initial ion-exchange column) precludes 
their definition as storage proteins but does not negate their 
possible involvement with V transport of cofactor processing. 
Unfortunately, the general loose binding of V in both proteins 
prevented detailed structural and spectroscopic investigations. The 
only vn/-gene products with molecular weight close to the apparent 
molecular weight of peak 2 (-53,000) are the a  (53,874) and p 
(52,772) subunits of the VFe-protein, whose association with this 
protein was eliminated by their differing SDS PAGE mobility (Fig.
4.3), and the proteins of vnfN  (48,701) and vnfE  (51,089), proteins 
previously associated with cofactor construction. Although we do 
not know if the V-binding protein in peak 2 corresponds to any of 
these polypeptides, it is interesting to note that the only vn f~gene 
products with molecular weights close to that of peak 2  are those 
known to be associated with cofactor construction or binding.
CHAPTER 5: COSOLVENT AND TEMPERATURE EFFECTS
5.1 INTRODUCTION
5.1.1 Cosolvcnt Effects
Early studies on the solvent effects on proteins were driven 
by the desire to understand the role of various stabilizing and 
destabilizing forces responsible for their unique folded structure in 
solution. By taking a systematic approach to the effects of a series 
of related denaturing agents on the native structure of proteins of 
known three dimensional structure, it was hoped that a more 
thorough understanding of such forces would be gained. Typically, 
experiments designed to elucidate the effect of water-miscible 
organic solvents on proteins involved addition of increasing 
amounts of the organic cosolvent to an aqueous solution of an 
enzyme while monitoring changes in its structure (as assayed by 
physical methods) and/or catalytic activity (70). The initial effect 
of cosolvent on proteins has been generally referred to as 
reversible denaturation, followed by a more extensive denaturation 
involving gross conformational changes and even aggregation and 
precipitation of the protein (71-74).
Using spectroscopic methods, Herskovits et al. in 1970 (70) 
studied the effects of water-miscible alcohols and glycols on the 
native conformation of sperm whale myoglobin, cytochrome c, and 
a-chymotrypsinogen. By plotting optical absorption spectral 
changes against amount of denaturants, they obtained sigmoidal 
shaped curves, which they interpreted in terms of a process of 
cooperative unfolding or dissolving out of the hydrophobic interior
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of the protein by the addition of alcohols of increasing 
hydrophobicity. Their results demonstrate that the effectiveness of 
the alcohols as denaturing agents of proteins increases with 
increasing chain length or hydrocarbon content of the alcohol. 
Branching of the hydrocarbon portion of the alcohols, and/or 
increasing the hydroxyl content of the alcohol (example: ethylene 
glycol and glycerol) tends to decrease the denaturing ability of the 
alcohols. They concluded that the destruction of hydrophobic 
contacts in proteins is one of the most important mechanisms of 
their destruction (70,75). They also found that, as a result of the 
formation of new hydrogen bonds, the structure of some proteins 
becomes more ordered with the addition of cosolvent (76-78).
Since these eariy studies there has been a growing interest in 
biocatalysis in non-aqueous media as a potential means of shifting 
reaction equilibria (79,80). It is of practical importance that 
enzymes in organic media can catalyze reactions that are virtually 
impossible in totally aqueous solution. A minimum amount of 
water has been shown to be absolutely required for the catalytic 
function of some enzymes (81). This is because water participates 
directly or indirectly, in all hydrogen bonding,, this help maintain 
the native, catalytically active conformation of enzymes. Hence, 
complete removal of water should drastically distort the 
conformation and inactivate the enzyme. However, as long as the 
minimal essential water is localized about the enzyme, replacement 
of the aqueous with an organic solvent should be possible with 
some enzymes without adversely affecting the enzyme. Since the 
amount of water contained in the monolayer about the protein is
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minuscule, this situation would be equivalent to an enzyme 
functioning in a nearly anhydrous organic medium.
Khmelnitsky et al. (82) studied the effects of a variety of 
cosolvents on the catalytic activity of several enzymes including: oc- 
chymotrypsin, laccase, and trypsin. By plotting enzyme activity vs. 
concentration of the organic cosolvent they found that a similar 
threshold of inactivation exist for all enzymes studied. The 
threshold concentration is defined as the concentration (C50) of the 
organic cosolvent at which half inactivation of the enzyme is 
observed. A portion of their data is shown in Table 5.1 which 
demonstrates that even though a-chym otrypsin, laccase, and 
trypsin have completely different mechanisms of catalysis, they all 
display similar behavior in mixed aqueous media. It has been 
shown by physical methods, that the inactivation of proteins, like 
the ones shown in Table 5.1, by organic cosolvent is usually 
followed by binding of the organic cosolvent to the hydrophobic 
residues on the protein (77,83,84). A correlation has been shown to 
exist for the partitioning coefficient (P) of a variety of organic 
solvents, in an octanol and water phase, and the denaturing ability 
of the organic solvent in which P = [Cosolv]0ctanol/[Cosolv]water (85). 
High P values correspond to more hydrophobic organic cosolvents 
that have less of an affinity for the aqueous phase and more 
affinity for the protein, resulting in a greater inactivation. The log 
of the partitioning coefficient for some cosolvents are listed in Table 
5.1, demonstrating that increases in the partitioning coefficient 
correlate to an increase in inhibition.
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Table 5.1: Thresholds of Inactivation for a-Chym otrypsin, Laccase, 
and Trypsin (82)
Cosolvent logP a-C hym o- Laccase T rypsin
try p s in
______________ ego, (mol/L)____________
E thylene -1 .43  13.0 15.0 15.2
glycol
Glycerol -2 .50  10.0 10.0 1 2 . 6
M ethanol -0 .74  8.0 6.2 11.7
Ethanol -0 .32  6.2 5 .0  8.2
P ropanol 0.34 3.6 4 .4  4.3
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There have been several spectroscopic studies on the effects 
of ethylene glycol and urea on the Mo-nitrogenase Fe-protein from 
A. vinelandii (27,28,86,87). For years it was believed that Av2 
contained only one type of cluster that had an EPR signal with a 
spin of S -  1/2. When this signal was spin quantified, it integrated 
to much less than 1 spin per 4 Fe. This puzzled researchers until 
studies using ethylene glycol and urea indicated that reduced Av2 
in the native state is heterogeneous, consisting of proteins with 
[Fe4 -S4 ]+ clusters with approximately 35% being in a S — 1/2 state 
and 65% in the S = 3/2 state. These two forms were shown to 
reversibly interconvert depending on the composition of the 
solvent. For example, Av2 in the presence of 50% ethylene glycol, 
resulted in 90% of the clusters in the S ~ 1/2 state, whereas in the 
presence of 0.4 M urea 85% are in the spin S -  3/2 state. The V- 
nitrogenase Fe-proteins as isolated have approximately 15% of the 
[Fe4 -S4 ]+ clusters in the S = 1/2 state. The amount of clusters in the 
S = 1/2 state increases to 40% in the presence of 50% ethylene 
glycol, and drops to approximately 6 %, in the presence of 0.4 M 
urea (8 8 ).
EPR studies have indicated that ethylene glycol interferes 
with MgATP binding to the Fe protein. The Fe-protein has been 
shown to exhibit different EPR spectra when in the presence of only 
MgATP or ethylene glycol. However, when both ethylene glycol and 
MgATP are present, the Fe-protein EPR spectrum and S  = 1/2 spin 
quantitation are indistinguishable from that observed for the 
protein in the absence of MgATP (27,88). This suggests that in the 
presence of ethylene glycol, MgATP is prevented from binding to
58
the Fe-protein and thus the Fe-protein/MgATP characteristic EPR 
signal was not observed.
In addition to the effects of organic solvents on enzyme 
structure, there are reports in the literature that salts can affect the 
physical and catalytic properties of nitrogenase. For example, it has 
been shown that there are small reversible effects of NaCl on the 
Fe-S cluster of Av2 as monitored by EPR, visible, and NMR 
spectroscopies (89). Salts also have been shown to inhibit the 
overall rate of catalysis and affect elementary steps in the 
nitrogenase catalytic cycle. Deits and Howard (90) tested the effects 
of salt on the catalytic activity of the Mo-containing nitrogenase 
from A. vinelandii. They tested sixteen salts and showed that they 
all inhibited the reduction of protons, acetylene, and dinitrogen, by 
a common mechanism. The pattern of inhibition for all substrate 
reductions investigated were shown to be sigmoidal, indicating a 
highly cooperative interaction involving multiple inhibitor sites.
To further confirm the conclusion that salt inhibition is highly 
cooperative, Deits and Howard did traditional Hill plots for several 
representative salts. The Hill plot is commonly used in enzymology 
to determine whether the binding of substrate is cooperative or not. 
A plot of log [Y/(l-Y)] vs. log [S], where Y is the velocity and S is the 
substrate concentration (or inhibitor in our case), is performed and 
the slope of the line determined. If the slope is greater than 1, the 
binding is cooperative. When the data for several representative 
salts were plotted, they fell along a straight line having slopes equal 
to approximately 3, confirming the presence of cooperative 
in teraction .
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We have interest in the effects of the solvents, ethylene 
glycol, glycerol, and ethanol on nitrogenase activity for several 
reasons. First, both ethylene glycol and glycerol have been used 
extensively as cryogenic protectants for spectroscopic studies such 
as EPR, Mossbauer and MCD. Lindahl has shown ethylene glycol and 
glycerol to have some effects on the Mossbauer and EPR spectra of 
the Fe protein from A. vinelandii (8 6 ). It would be of interest to 
know whether these solvents inhibit nitrogenase activity, and thus 
affect the proteins in some way not yet identified. Secondly, 
because Deits and Howard investigated the effects of ionic solutes 
(salts) on Mo-nitrogenase activity, it was of interest to examine the 
effects of neutral solvents on both the Mo- and V-nitrogenase 
activities. Finally, the primary reason for studying these solvent 
effects was to investigate the possibility of using one of these 
neutral solvents as a means of rapid room temperature quenching 
the nitrogenase reaction, in order to replace the freeze-quench 
method, previously used to study the nitrogenase reaction.
We investigated the effects of ethylene glycol, glycerol, and 
ethanol on the acetylene reduction activity of Mo- and V- 
nitrogenase enzymes from A. vinelandii. Attempts were made to 
determine the cause of inhibition by these cosolvents by 
investigating their effects on nitrogenase acetylene reduction under 
the conditions of limiting dithionite (DTN) and limiting MgATP. To 
determine if Av2’ was the primary target for inhibition, as 
suggested by earlier studies, we investigated the inhibition of 
acetylene reduction in the presence of cosolvent with increasing 
concentrations of Av2’. A study of the effectiveness of alcohols as
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inhibitors of the V-nitrogenase acetylene reduction activity was 
also undertaken.
5.1.2 T em p era tu re  E ffects
A close approximation of the temperature dependence of the 
rate constant for a reaction can be obtained by use of the Arrhenius 
equation
k T =  A  e x p ' E a / R T
where kr = rate constant, A = frequency or preexponential factor, 
and Ea = activation energy of the reaction. By plotting the specific 
activity against 1/T (K), the activation energy for the reaction can 
be obtained. If a straight line is obtained, it is assumed that the 
activation energy (Ea) is independent of temperature. However, a 
break in the slope of the line is often interpreted as a change in the 
activation energy of the reaction.
Several studies have been done on the effect of temperature 
on Mo-nitrogenase substrate reduction. They have shown a break 
between 18-22°C in the Arrhenius plots (91-93). For example,
Burns showed that Arrhenius plots for Mo-nitrogenase from A . 
vinelandii for H2 evolved, N2 reduced, or Pi released all had breaks 
at approximately 21 °C with activation energies of 61 kJ/mol and 
163 kJ/mol above and below the break, respectively.
Temperature effects on the Mo and V-nitrogenase enzymes 
from A. chroococcum give evidence of differences in enzymology 
between the two enzymes. Miller and Eady (94) showed that N2 
remains a more effective substrate for V-nitrogenase than for Mo- 
nitrogenase as the temperature is decreased from 30 to 5°C. 
Furthermore, when the temperature is increased between 20 and
40°C, the V-nitrogenase substrate reduction reactions are affected 
in several ways: 1) the proportion of ethane relative to ethylene 
increases, 2) the proportion of N2H 4 relative to NH3 increases (50), 
and 3) H2 production steadily increases up to 45°C with no further 
increase between 45 and 50°C even though NH3 production 
decreases 7 fold. Mo-nitrogenase, on the other hand, does not 
produce ethane or free N2 H4 in the temperature range of 20°C to 
40°C (95). However, at 50°C Mo-nitrogenase catalyzes the 
formation of a small amount of ethane from acetylene (96). The 
rate of formation of NH3 also increases for the Mo-nitrogenase up to 
50°C without a dramatic decline between 45 and 50°C, observed for 
the V-nitrogenase enzyme.
We were interested in investigating the effects of 
temperature on the acetylene reduction activity of the V- 
nitrogenase enzyme from A. vinelandii. For comparison, the 
temperature dependence of Mo-nitrogenase acetylene reduction 
activity was also investigated. Finally, the effect of cosolvent on the 
activation energy of V-nitrogenase was studied by determining the 
temperature dependence of acetylene reduction in the presence of 
1 0 % ethylene glycol.
5.2 RESULTS
5.2.1 Effects of Cosolvent Concentrations on Nltrogenase 
A c t i v i t y
To investigate the effects of the cosolvents ethylene glycol, 
glycerol and ethanol on the acetylene reduction activity of V- 
nitrogenase, increasing amounts of these cosolvents were added to a 
series of assay vials. These vials contained the typical elements
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Tequired for acetylene reduction, the MgATP regenerating system 
and 20 mM DTN which with the cosolvent solution added had a total 
volume of 1 ml. The activity was measured with nitrogenase 
proteins in molar ratio of Avl':Av2' of approximately 1:15 
(saturating amounts of Av2’). As the percent of each cosolvent 
increased (0-30%), activity decreased (Fig 5.1). Ethylene glycol and 
glycerol gave distinctly sigmoidal inhibition curves similar to those 
observed by Deits and Howard for NaCl (90), suggesting cooperative 
interaction. Ethanol, however, lacked any initial lag phase, but 
required a greater concentration to achieve 100% inhibition (Fig 
5.1). When the inhibition of Mo-nitrogenase activity was 
investigated, with exception of ethanol, similar inhibition curves 
were obtained for the three cosolvents studied all producing 
sigmoidal shape curves (Fig 5.2). The threshold concentrations (C50) 
of the organic cosolvents for the V-nitrogenases (Table 5.2) show an
identical trend in inhibition as previously observed for a -
chymotrypsin, laccase, and trypsin (Table 5.1) (82). Mo- 
nitrogenase, on the other hand, differed in that the glycerol was 
more inhibitory than the ethanol. Both nitrogenases required much 
less cosolvent to reach the threshold of inactivation than required 
for the other three enzymes (Tables 5.1 & 5.2).
Inhibition of activity was investigated in more detail within the 
low range of cosolvent concentrations (0-10%). Glycerol was found to 
have a greater effect on V-nitrogenase activity than ethylene glycol,






Figure 5.1 Inhibition of V-nitrogenase-catalyzed acetylene 
reduction by cosolvents. Cosolvents: ethylene glycol (— • — ), 
glycerol (—□ — ), and ethanol (— A— ). Activities are expressed as 
percentages of the activity obtained in the absence of cosolvent. 
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Figure 5.2 Inhibition of M o-nitrogenase-catalyzed acetylene 
reduction by cosolvents. Cosolvents: ethylene glycol (— • — ), 
glycerol (—D— ), and ethanol (— A—).
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Table 5.2: Threshold of Inactivation for V- and Mo-nitrogenase
Solvent V -nitrogenase M o-nitrogenase
C50 , (moI/L)
ethylene glycol 2.7 5.4
glycerol 1 .8 3.8






Figure 5.3 Effects of low concentrations of cosolvent on V- 
nitrogenase-catalyzed acetylene reduction in the presence of 
ethylene glycol (—• —), glycerol (—□ — ), and ethanol (— ▲— ). 
Ethanol has a much greater affect on activity than either ethylene 
glycol or glycerol.
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Inhibition of Mo-nitrogenase activity showed similar responses 
with the addition of ethylene glycol and ethanol while a 
greater initial rate of inhibition was observed with the addition of 
glycerol (Fig 5.4).
Hill plots for V-nitrogenase in both ethylene glycol and 
glycerol produced lines with slopes of approximately four, 
suggesting cooperative binding of the inhibitor. Conversely, the 
slope of the Hill plot for the ethanol data was approximately one, 
characteristic of noncooperativity (Fig 5.5). Hill plots for Mo- 
nitrogenase (Fig. 5.6) differed in that all three cosolvents gave 
slopes of approximately 2 , indicating cooperative interaction.
5.2.2 Effects of Increasing MgATP, DTN, and M gCh on 
Activity of V-nitrogenase in the Presence of Cosolvent
To assure that the observed inhibition was not simply due to 
inhibition of the ATP regenerating system, we investigated the 
effects of increasing regenerating components in the presence and 
absence of 6 % ethanol, 14% ethylene glycol, and 100 mM NaCl. The 
creatine phosphate, creatine phosphokinase, and MgATP 
concentrations were increased 2 and 3 times their normal 
concentration and activity levels were compared to those obtained 
at normal concentration in the presence and absence of cosolvent. 
In the absence of any cosolvent an approximate 17% and 30% 
decrease in activity was observed when 2X and 3X ATP 
regenerating solution were used, respectively (Table 5.3), 
demonstrating that the regenerating components are at their 
optimum in the normal regenerating solution. When both ethylene 
glycol and NaCl were present, the decrease in activity was identical
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Figure 5.4 Effects of low concentrations of cosolvent on Mo- 
nitrogenase-catalyzed acetylene reduction in the presence of 
ethylene glycol (—®— ), glycerol (—□ —) , and ethanol (— ▲— ). Mo- 
nitrogenase activity is inhibited the most by glycerol whereas 
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Figure 5.5 Hill plots of the inhibition of V-nitrogenase-catalyzed 
ethylene formation by ethylene glycol (— • — ), glycerol (— □ — ), and 
ethanol (— A— ). Straight lines have slopes of approximately 4 for 
ethylene glycol and glycerol indicative of cooperative interactions. 
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Figure 5.6 Hill plots of the inhibition of M o-nitrogenase-catalyzed 
ethylene formation by ethylene glycol (— • — ), glycerol (— □ — ), and 
(— ± —) ethanol. Straight lines with slopes of approximately 2  were 
obtained in the presence of all three cosolvents, indicating all 
cosolvents interacted cooperatively with Mo-nitrogenase.
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to that observed in the absence of any cosolvent, suggesting no 
alleviation or additional inhibition. However, when ethanol was 
present the decrease in activity was greater than observed in the 
absence or presence of the other two cosolvents (Table 5.3).
The effect of reductant was also tested. Sodium dithionite 
concentration was increased to 50 mM. In the absence of any 
cosolvent, no change in activity was observed. The presence of 6 % 
ethanol produced a slight increase in activity while 14% ethylene 
glycol or 100 mM NaCl resulted in a decrease (Table 5.3).
Little to no inhibitory effects were observed by the addition 
of up to 15 mM excess MgCl2 (four times the normal concentration 
in IX MgATP regenerating solution) in the presence and absence of 
cosolvent. Thus, the inhibition observed when the MgATP 
regenerating components were increased 3X was not due to a 
simple salt effect. Increasing the MgCl2 concentration by 5 and 15X 
in the absence of any cosolvent, inhibited the activity by 14 and 
48%, respectively. The presence of 6 % ethanol induced no 
additional decrease in activity at the 10X level. However, 
upon increasing the MgCl2 by 75 mM, a higher overall level of 
inhibition was observed for the 6% ethanol. For the 14% ethylene 
glycol and 100 mM NaCl similar increases in inhibition were 
obtained for the addition of 15, 50, and 75 mM MgCl2 (Table 5.3). 
When comparing these results to the control both the ethylene 
glycol and NaCl appeared to amplify the inhibition effects of MgCl2 , 
indicating an additive effect.
7 2
Table 5.3: Effects of Excess MgATP Regenerating Solution, DTN, 
and MgCl2 on V-nitrogenase Activity
Relative Activity**





None^ 1 . 0 0 0.60 0 . 6 8 0 . 6 8
ATP Regen. 
Solution
2X 0.82 0.42 0.58 0.57
3X 0 . 6 8 0.32 0.48 0.46
DTN
50 mM 0.98 0.60 0.39 0.42
MgCl2
15 mM 1 . 0 0 0.62 0 . 6 6 0.59
50 mM 0 . 8 6 0 . 6 6 0.47 0.42
75 mM 0.52 0.39 0.14 0.17
a Relative acetylene reduction activity measured as ratio of 
ethylene to acetylene.
b Normal MgATP regenerating solution: see material and method 
section.
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5.2.3 Inh ib ition  by Cosolvent U nder L im iting DTN
As mentioned above, a possible site for cosolvent inhibition of 
nitrogenase is MgATP binding and hydrolysis. To investigate 
whether MgATP hydrolysis was uncoupled from electron transfer in 
the presence of cosolvent, we first determined if electron allocation 
to acetylene reduction was the same in the presence and absence of 
cosolvent. V-nitrogenase acetylene reduction activity was 
examined in the presence and absence of ethylene glycol and 
ethanol under limiting dithionite (5 pM). In the presence of ethanol 
(Fig. 5.7A) a slower rate of formation of ethylene was observed. 
However, the total amount of ethylene reduced was essentially the 
same as in the absence of cosolvent. In other words, the ethanol 
does not cause the electron allocation to change, but may be 
uncoupling MgATP hydrolysis as indicated by the slower rate of 
acetylene reduction. When ethylene glycol was used, a lower total 
amount of ethylene was produced, indicating that ethylene glycol 
has disturbed the normal electron allocation with fewer electrons 
being utilized for ethylene formation (Fig 5.7B).
5.2.4 Inh ib ition  by Cosolvent U nder L im iting MgATP
Acetylene reduction activities under limiting MgATP (5 mM
MgATP, no regenerating system) in the presence and absence of 
ethanol and ethylene glycol were also examined. Substrate 
reduction by nitrogenase requires MgATP binding and hydrolysis, 
at a rate of at least 2 MgATP hydrolyzed per electron transferred. 
Under the conditions of limiting MgATP, if hydrolysis becomes 
uncoupled from electron transfer, less substrate is reduced. The 
activity with limiting MgATP (Fig. 5.8), in the presence of ethylene
7 4
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Figure 5.7 A Effects of limiting dithionite on V-nitrogenase- 
catalyzed ethylene formation in the presence of ethanol. Cosolvent: 
none (—O— ), 6 % ethanol (— ▲— ). Assay conditions were as 
described in the material and methods section with the exception 
limiting amounts of dithionite being used (5 pM ).
Figure 5.7B Effects of limiting dithionite on V-nitrogenase- 
catalyzed ethylene formation in the presence of ethylene glycol. 
Cosolvent: none (—O—), 14% ethylene glycol (—®— ). Assay 
conditions as described in Figure 5.7 A.
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Figure 5.8 Effects of limiting MgATP on V-nitrogenase-catalyzed 
acetylene reduction in the presence of cosolvents. Cosolvents: 14%
ethylene glycol (—• —), ethanol (— A— ), and no cosolvent (—O— ).
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glycol, was approx. 95% of the maximum activity obtained in the 
absence of any cosolvent, indicating little, if any, uncoupling of 
MgATP hydrolysis. In the presence of ethanol, approx. 80% of the 
maximum activity was obtained (Fig. 5.8). These results show that 
ethanol causes an uncoupling of MgATP hydrolysis from electron 
transfer.
5.2.5 Effects of Nitrogenase Component Ratio on Inhibition
by Cosolvent
Since Av2’ has been shown to be affected spectroscopically by 
the addition of cosolvents, we wanted to investigate cosolvent 
inhibition for different ratios of Av2*:Avl\ While keeping the Avl* 
concentration constant and increasing the Av2’ concentration, 
inhibition by ethanol was only detected at high Av2':Avl' ratios 
(Fig. 5.9 C). Ethylene glycol and NaCl differed from ethanol in that 
they caused an inhibition at both low and high Av2*:Avl’ molar 
ratios (Fig 5.9 A & B). Thus, ethylene glycol and NaCl appear to 
affect activity in two ways, one effect at low Av2' concentrations, 
and the other at high Av2’ concentrations. Ethanol, on the other 
hand, appears to primarily affect the rate of acetylene reduction at 
higher Av2’:Avl* molar ratios.
5.2.6 Effects of Increasing Hydrocarbon Chain Length of
the Alcohol on Acetylene Reduction
It has been observed that the effectiveness of alcohols as 
denaturing agents increases with increasing chain length or 
hydrocarbon content of the alcohol. The effects of methanol, 
ethanol, and propanol on the acetylene reduction activity of V- 
nitrogenase were examined (Fig. 5.10) Increasing the hydrocarbon
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Figure 5.9 A Effects of V-nitrogenase component ratio on 
ethylene glycol inhibition of acetylene reduction. [Avl'] = 0.56 pM 
in all assays while increasing amounts of Av2' were added in the 
presence of 10% ethylene glycol (— • — ), 14% ethylene glycol 
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Figure 5.9 B Effects of V-nitrogenase component ratio on NaCl 
inhibition of acetylene reduction for the addition of 50 mM NaCl 
(—• —), 100 mM NaCl (— □—), 150 mM NaCl (—■—) and no 
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Figure 5.9 C Effects of V-nitrogenase component ratio on ethanol 
inhibition of acetylene reduction for the addition of 3% ethanol 
(— A— ), 6% ethanol (—A—), and no cosolvent (—O— ). See figure 
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Figure 5.10 The effects of V-nitrogenase component ratio and 
chain length of alcohol on inhibition of ethylene formation. Alcohols 
used: 1 mM methanol. (— • — ); 1 mM ethanol, (—A—■); 1 mM 
propanol (— A— ) and no cosolvent (—O— ).
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length of the alcohols results in an increase in inhibition. As 
observed previously for ethanol, the rate of acetylene reduction at 
low Av2' concentration was not greatly affected by the different 
alcohols.
5.2.7 Reversibility of Cosolvent Effect on the V- 
N itrogenase  C om ponents
The reversibility of the inhibitory effects of cosolvents was 
examined. Small aliquots of A vl' and Av2' (approximately 30 
mg/ml) were preincubated under argon with 33% ethylene glycol, 
33% ethanol, and 400 mM NaCl for 15 min. These concentrations 
had been shown previously to completely inhibit the nitrogenase 
reaction (Fig 5.1). The nitrogenase proteins were then tested for 
acetylene reduction activity by adding 5 p i aliquots of 
Avl'/cosolvent and Av2'/cosolvent solution mixtures to assay vials 
containing the ATP-regenerating solution, 20 mM DTN and the 
complementary nitrogenase protein (not previously exposed to 
cosolvent). This step diluted the cosolvents to a concentration well 
below inhibitory level. Except for the effect of ethanol on A v l’ 
protein, the inhibiting effects of the cosolvents were shown to be 
reversible (Table 5.4). In the case of ethanol, addition of the alcohol 
to the concentrated A v l1 and Av2' produced cloudy solutions 
indicative of either protein and/or DTN precipitation. The effect(s) 
of ethanol on Av2' was totally reversible suggesting that the cloudy 
white substance was the DTN precipitating out. On the other hand, 
ethanol exposed A vl' produced only 70% of the original activity.
This loss of activity is possibly due to an irreversible denaturation 
of some of Avl'.
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Table 5.4: Reversibility of the Effects of Cosolvent on A vl' and
Av2' Activities
Relative Activity
Cosolvents A v l ’ A v2’
none 1 . 0 0 1 . 0 0
33% ethylene glycol 1.07 1.13
33% ethanol 0.72 1.03
100 mM NaCl 0.99 1 . 0 2
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5.2.8 Cosolvent Use as a Q uenching Agent
As mentioned earlier the primary reason for studying the 
ethylene glycol effect was to explore its usefulness in quenching the 
nitrogenase reaction. Previously, the addition of 40% ethylene 
glycol to V- or Mo-nitrogenase enzymes was shown to completely 
inhibit acetylene reduction activity (Fig 5.1). Component 1 of Mo- 
nitrogenase (A vl) in the as-isolated state gives a strong rhombic 
signal in the g = 4.0 region due to the FeMo-cofactor metal clusters, 
while the Fe-protein (Av2) gives a rhombic signal in the g — 2 
region due to its [Fe4 -S4 ] metal cluster. During enzymatic turnover, 
the Fe-protein (Av2) donates an electron to the MoFe-protein (Avl) 
causing the metal clusters of both proteins to go EPR silent. As a 
result, the EPR signal in the g = 4 region due to FeMo-cofactor and 
the signal in the g = 2 region due to the Av2 protein diminish to as 
little as 1 0 % the intensity of the signals obtained for the as-isolated 
states of the two proteins. It was of interest to see how long 
ethylene glycol stabilized the turnover states. Therefore, the 
intensities of the EPR signals of Avl and Av2 were monitored 
following addition of 40% ethylene glycol (Fig 5.11). At time zero, 
turnover had occurred for approximately 3 min., resulting in a very 
low intensity for both the cofactor and [Fe4 -S4 ] cluster EPR signals. 
Both the [Fe4 -S4 ] cluster and cofactor cluster signals show a rapid 
increase in intensity during the first 5 min. following the addition of 
ethylene glycol. This was followed by a much slower increase over 
the next 1 1/2 to 2 hours. The [Fe4 -S4 ] cluster signal from the 
Fe-protein was shown to attain approximately 80% of its maximum 
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Figure 5.11 Intensities of the EPR signals of FeMo-cofactor from 
Avl and [Fe4 -S4 ] cluster from Av2 following addition of 40% 
ethylene glycol. Prior to the addition, the turnover sample 
exhibited approximately 10% the intensity of the EPR signals of the 
native metal clusters (at time zero). Upon addition of 40% ethylene 
glycol the FeMo-cofactor (—• — ) and the [Fe4 -S4] (—□ — ) clusters 
exhibited a fast growth phase (occurring within the first 5 minutes), 
followed by a slow growth phase.
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appearing after 1 hours. The cofactor signal showed a similar rapid 
increase in intensity during the first five min., suggesting that the 
early recovery phase of both proteins are coupled. Complete 
recovery of the cofactor signal required 2 hours (30-60 min. longer 
than the [Fe4 -S4 ] cluster signal). A first order rate plot of the slow 
phase for Avl and Av2 (Fig. 5.12) produced curves of different 
shape giving strong indication that the slow recovery phases for 
Avl and Av2 are not coupled.
5.2.9 T em p era tu re  D ependence of A cetylene R eduction  
R a te
An Arrhenius plot for the rate of acetylene reduction by Mo- 
nitrogenase shows a break between 19 and 16°C (Fig. 5.13), slightly 
lower than the one observed by Burns (92) at about 21 °C. The 
activation energies calculated from this plot are 57 and 202 kj/mol 
above and below the break, respectively (Fig. 5.13). A similar type 
curve was obtained for V-nitrogenase enzyme showing a break at 
approximately 25°C with activation energies of 22 and 82 kJ/mol 
above and below the break, respectively (Fig. 5.14). Ethylene glycol 
( 1 0 %) had little effect on the activation energy at the higher 
temperatures (26 kJ/mol) (Fig. 5.15), but did produce a significantly 



















Figure 5.12 Comparison of the first order rate plots for the slow 
recovery phase of MoFe-protein's and Fe-protein's native EPR 
signals. The recovery rates of the MoFe protein (— • — ) and Fe- 
protein (— □ — ) cluster signals differ indicating the slow recovery 
phases are uncoupled. A straight line is obtained for the Fe-protein 
when In [Av2/Av20] is plotted against time in which Av20 is the 
intensity of the EPR signal at 5 min. (assumed to be 0%  recovered 
for the slow phase), and Av2 is the intensity at different time 
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Figure 5.13 Arrhenius plot of the relative activity of Mo- 
nitrogenase acetylene reduction. Activities are expressed as 
percentages of activity observed at 30°C. A break in the plot was 
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Figure 5.14 Arrhenius plot of the relative activity of V- 
nitrogenase acetylene reduction. Activities are expressed as 
percentage of activity observed at 30°C. This figure shows 
combined data from three experiments. A break in the plot 
occurred at approximately 25°C.
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Figure 5.15 Arrhenius plot of the relative activity of V- 
nitrogenase acetylene reduction activity in the presence of 1 0% 




5.3.1 Effects of E thylene Glycol and NaCl on V -nitrogenase 
Deits and Howard (90) showed NaCl to inhibit the Mo- 
nitrogenase reaction cooperatively with the observation of 
sigmoidal inhibition curves. Similar sigmoidal curves were 
observed for Mo-nitrogenase when ethanol, glycerol and ethylene 
glycol were used. Hill plots for these data gave further indication of 
cooperative interaction with slopes equal to approximately two. V- 
nitrogenase demonstrated cooperative inhibition curves for 
ethylene glycol and glycerol, however, ethanol demonstrated 
noncooperative inhibition with Hill plot resulting in slopes equal to 
one. The variance in cosolvent effect between Mo- and V- 
nitrogenase may be due to their differences in enzyme catalysis. 
Namely, under high electron flux Mo-nitrogenase allocates 
approximately 95% of its electrons to acetylene reduction (58) while 
the V-nitrogenases allocate only approximately 50% (16,17). Also, 
V-nitrogenase produces both ethylene and ethane, which is not 
produced by the Mo-nitrogenase.
Ethylene glycol inhibits V-nitrogenase acetylene reduction 
similar to NaCl and different from ethanol. For example, similar 
decreases in activity were observed for 14% ethylene glycol and 
100 mM NaCl when either excess MgATP regenerating components, 
sodium dithionite, or MgCl2 was added (Table 5.3). This decrease in 
activity cannot be due to simple inactivation of creatine 
phosphokinase, since increasing the components of the MgATP 
regenerating solution produced a similar decrease. It has been 
shown that NaCl (90) and ethylene glycol (27,88) inhibit MgATP
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binding to the Fe-protein. However, because increasing the MgATP 
concentration does not relieve this inhibition, this suggests that the 
inhibitions by NaCl and ethylene glycol are more complex.
If inhibition of nitrogenase activity was occurring at just the 
MgATP binding site on the Fe-protein, we would expect inhibition 
to be overcome by the addition of increasing amounts of A v2\ On 
the contrary, increasing the amount of Av2* in the presence of 
ethylene glycol or NaCl, resulted in a lower maximum activity. At 
low Av2’ concentrations, NaCl and ethylene glycol may inhibit 
association of the two component proteins and/or MgATP binding to 
the Fe-protein, both of which could be overcome by increasing the 
Av2’ concentration. The inhibition at high Av2* concentrations may 
be due to the cosolvent inhibiting A vl' from achieving a state 
necessary for reducing acetylene. Evidence for this notion comes 
from our EPR experiments on Mo-nitrogenase, as discussed below.
According to the Lowe-Thorneley model, reduction of N2 
requires eight consecutive intermediate states of the MoFe-protein 
represented as Eo, E i, E2 , etc., where the subscript indicates the 
number of reducing equivalents added to the MoFe-protein. For 
each electron transferred to the MoFe-protein, the Fe-protein goes 
through an association-dissociation cycle (see 1.3 Nitrogenase 
Reaction). Therefore the reduction of N2 to NH3 necessitates eight 
Fe-protein cycles. Since acetylene reduction doesn’t require the 
higher intermediate states (i.e, E5 , Eg) we can concentrate on the 
early portion of the MoFe-protein cycle (Fig. 5.16). This subcycle 
involves the first four of the eight intermediate states of the MoFe- 
protein. V-nitrogenase is believed to go through a similar cycle.
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Figure 5.16: Subcycle of the MoFe-protein Cycle. Eo represents
the resting; E i, the one electron reduced; E2 , two electron reduced; 
E 3 , three electron reduced and E4 , four electron reduced states of 
the component 1 protein. When component 1 has reached the E2H 2 
state, depending on the electron flux, it will either continue to the 
E 3 and E4 states (which reduce acetylene) or relax to the Eo, 
evolving H2 .
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The rate of the nitrogenase reaction, and therefore, the 
intermediate states reached by component 1 protein depends on 
the rate of electron flux. Electron flux depends on the ratio of 
component 2 to component 1. Maximum flux occurs when this ratio 
is approximately 15:1 for the V-nitrogenase and 4:1 for the Mo- 
nitrogenase. By decreasing the component 2: component 1 protein 
ratio the electron flux will decrease. As electron flux decreases, the 
rate of the reaction decreases and the higher intermediate states of 
component 1 protein relax to lower states (E i, E2 ) which are only 
capable of reduction of protons. As a result, the percentage of 
electron flux into H2 evolution increases while ethylene or NH3 
production decreases.
Our results suggest that component 1 relaxes to lower 
intermediate states (Eo, E i, and E2 ) with the addition of ethylene 
glycol. Specifically, addition of 40% ethylene glycol to a turnover 
sample of Mo-nitrogenase resulted in a biphasic return of the EPR 
signals of both the MoFe- and Fe-proteins. This return involved 
both a fast and a slow component (Fig. 5.11). The transition from 
the fast to the slow phase for both Av2 and Avl occurred at the 
same time, suggesting that the fast phase for both proteins are 
coupled, while the slow phases appear to be independent of each 
other (Fig. 5.12), These results can be explained as follows. The 
fast phase of the Avl signal restores to about 50% of its native 
intensity. This suggests that the protein has relaxed from higher En 
states to the Eo and Ei states with 50% in each (remember that state 
Eo produces the S = 3/2 EPR signal while Ei is EPR silent). If this 
interpretation is correct, then the slow growth of Eq corresponds to
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the decay Ei -> Eo. In other word, the slow phase is an electron 
transport reaction within Avl while the fast phase is a protein 
relaxation inducing higher En states to Eo and E i. The initial fast 
protein relaxation may occur because the higher En states are 
unstable in ethylene glycol. Thus, 40% ethylene glycol induces the 
MoFe-protein to relax to a state which involves the back transfer of 
an electron to the Av2 protein, dissociation of the complex of 
Avl/Av2, and possibly conformational relaxation of the proteins.
5.3.2 Effects of Alcohols on V>nitrogenase Acetylene 
Reduction Activity
The effects of ethanol on V-nitrogenase differed from that of 
ethylene glycol or NaCl. Inhibition of acetylene reduction was 
shown to be noncooperative, suggesting that the binding of one 
ethanol molecule to the protein does not influence the binding of 
another. Addition of excess DTN (50 mM), or MgCl2 (up to 50 mM) 
had no effect on activity in the presence of ethanol, which suggests 
that the effect of ethanol is not additive to the effect of salt.
Ethanol also affects the allocation of electrons since the amount of 
ethylene produced, under limiting DTN, is the same in the presence 
and absence of ethanol. However, the slower rate of 
formation of ethylene and the decrease in ethylene production 
under limiting MgATP suggest that ethanol is affecting MgATP 
hydrolysis, uncoupling it from electron transfer. Unlike NaCl and 
ethylene glycol, ethanol did not inhibit the reaction at low 
Av2’:AvU ratios. These differences are surprising since the 
structure of ethylene glycol is more similar to ethanol than to NaCl.
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The general inhibition effects of other straight chain alcohols 
on the V-nitrogenase acetylene reduction activity was similar to 
that of ethanol. However, the magnitude of the inhibition increased 
as the hydrocarbon portion of the alcohols increased (i.e, methanol 
had the lowest effect while propanol the greatest).
It is interesting to note that ethylene glycol, glycerol, 
methanol, ethanol and propanol inactivate V-nitrogenase with the 
same trend as previously observed for other enzymes (Table 5.1 & 
5.2). However, the amount of cosolvent required, Jo reach the 
threshold (cso) is much lower for nitrogenase. This difference is 
probably due to the greater complexity of the V-nitrogenase 
reaction which requires both component proteins (that must 
associate and dissociate for catalytic activity to occur), MgATP, 
dithionite and H+ from water.
5.3.3 Effects of T em pera tu re  on the A ctivation Energy of 
V - n i t r o g e n a s e
V-nitrogenase of A. vinelandii was shown to have a break in 
its Arrhenius plot for acetylene reduction that occurred at 
approximately 24°C, about 5°C higher than for Mo-nitrogenase 
enzyme. Also, activation energies differed for the two enzymes 
with V-nitrogenase having considerably lower values. Although, 
unexplainable at this time, it is interesting to note that for both V- 
and Mo-nitrogenase the activation energies above and below the 
break differ by a factor of four. It is also interesting that, ethylene 
glycol only affects the activation energy of the V-nitrogenase 
reaction in the lower temperature region.
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The break in the Arrhenius plot for Mo-nitrogenase has been 
interpreted as a change in the temperature dependence of complex- 
formation between the two protein components (97), The 
differences observed for V- and Mo-nitrogenase, therefore, can be 
explained by differences in the complex-formation for the two 
enzymes. We have shown that ethylene glycol affects both proteins 
(i.e. affects binding of MgATP to the Fe-protein and promoting 
relaxation of component 1). Therefore, it is not unexpected that 
ethylene glycol would affect the ability of the Fe-protein to complex 
with component 1 .
CHAPTER 6: CONCLUSION
6.1 SUMMARY
The alternative V-nitrogenase from A. vinelandii was isolated 
in 1986 from a mutant strain that contained deletions in the genes 
nifH D K  which encode for the conventional Mo-nitrogenase (17). 
Since then, researchers have focused on the structure and enzyme 
mechanism of V-nitrogenase in an effort to understand its role in 
nitrogen fixation. Recently, great strides have been made in the 
nitrogenase field as a result of the resolution of the crystal 
structure of the metal clusters of Mo-nitrogenase. The V- 
nitrogenase metal clusters have not yet been crystallized, however, 
spectroscopic evidence has shown them to be very similar to those 
found in Mo-nitrogenase, Although there have been extensive 
studies on Mo-nitrogenase, and V-nitrogenase, the mechanisms by 
which these enzymes catalyze the reduction of substrate still 
remain to be elucidated.
The isolation and characterization of an incomplete form of 
the VFe protein ( A v I 'a )  may suggest a mode of synthesis o f  the P- 
cluster. The P-clusters have been shown to bridge the a  and p 
subunits, in which one [Fe4 -S4 ] cluster is contained in each subunit, 
linked together through sulfide bonds from cysteine residues on the 
protein. Form A has a subunit composition of aP 2 such that in 
addition to containing one cofactor and P-cluster, a single [Fe4 -S4 ] 
cluster is bound to the P subunit in the position normally occupied 
by the second P-cluster (Fig. 3.8). The presence of this incomplete 
form suggests a possible mechanism of synthesis of the P-cluster
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([Fes-Sg]) in which [Fe4 -S4 ] ferredoxin-like metal clusters are 
synthesized in both the a  and 3 subunits. The binding of these 
subunits during component 1 synthesis results in the linkage of the 
[Fe4 -S4 ] cluster through sulfide bonds from cysteine residues, one 
from each subunit, to form the P-clusters. In order to further study 
the assembly of the VFe-protein the a  and 3 subunits need to be 
isolated separately. Form A  could then be used to further 
investigate the mechanism of synthesis of the VFe-protein by 
addition of isolated a  subunit to the incomplete VFe-protein in 
attempt to restore full activity. Tittsworth and Hales (98) have 
recently investigated the redox properties of A v I ’a  and found it to 
differ dramatically from normal A v I ’b . Stepwise oxidation of A v I'a  
showed an unusual redox gating midway through the titration 
which was not observed during the oxidation of A v I ’b  or A v l .
Azotobacter vinelandii has been shown to synthesize a Mo- 
storage protein which has been suggested to function as a reservoir 
of molybdenum for the synthesis of the FeMo-cofactor. This 
bacterium appears to lack a V-storage protein and does not utilize 
the Mo-storage protein to store vanadium. The lack of a vanadium 
storage protein may be due to the higher level of natural 
abundance of vanadium such that the storage of the metal is not 
necessary. Alternatively, A. vinelandii may only store Mo and not 
V, thus favoring the synthesis of the more efficient Mo-nitrogenase. 
Although, a V-storage protein was not found to exist in cell extracts 
of A. vinelandii, in this study two V-binding proteins were 
identified. These V-binding proteins may be associated with the 
transport of vanadium and/ or synthesis of the VFe-protein. The
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loose binding of the vanadium and apparent instability of the 
protein prevented detailed structural and spectroscopic studies.
Ethylene glycol and glycerol have been used extensively as 
cryogenic protectants for spectroscopic studies and have been 
shown to have some effects on the EPR and Mossbauer spectra of 
the Fe-protein from A. vinelandii (26). We were interested in 
investigating the possibility of using these cosolvents as a means of 
rapid room temperature quenching of the nitrogenase reaction. 
Ethylene glycol and NaCl were shown to induce similar inhibitions 
of acetylene reduction, in which there were at least two different 
effects. One effect is believed to involve inhibition of the 
association of the component proteins and/ or the binding of 
MgATP to the Fe-protein, The second effect of cosolvent is believed 
to be due to a stabilization of Avl in lower reduced states (e.g., Eq 
and EO which are unable to reduce acetylene. Support for such a 
stabilization of Avl came from EPR experiments in which upon 
addition of ethylene glycol to a turnover sample of Mo-nitrogenase 
the intensity of the EPR signal due to Avl in the resting state (Eo) 
increased by 30% after 5 min. (Fig 5.11). This fast increase was 
followed by a slower increase of Avl in the Ei state to the resting 
state (Eo). In other words, during rapid turnover, Avl is driven 
into higher En states resulting in the near disappearance of the EPR 
signal associated with the resting state (Eo). Upon addiiton of 
ethylene glycol, Avl relaxes to states Ei and Eo and, as a result, the 
S = 3/2 signal due to Eo rapidly increases to about 1/2  the Avl 
concentration. Increase of the S = 3/2 signal reflects Avl 
subsequent slow relaxing to the Eq state.
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The effects of mono-alcohols on V-nitrogenase were shown to 
differ from those of ethylene glycol. For example, ethanol was 
shown to uncouple MgATP hydrolysis from electron transfer. Also, 
unlike ethylene glycol, ethanol did not affect the binding of MgATP 
to the Fe-protein. Additionally, there was essentially no effect of 
alcohols on enzyme activity at low concentrations of Av2\ but at 
high concentrations, substantially less acetylene was reduced.
Arrhenius plots were constructed for V- and Mo-nitrogenase 
resulting in breaks in the curves at approximately 25 and 17°C, 
respectively. The calculated activation energies were shown to 
differ for the two enzymes with Mo-nitrogenase having higher 
values. The differences observed can be explained by differences 
in the complex-formation for the two enzymes.
6 .2  FUTURE RESEARCH
To better characterize the effects of cosolvents on the 
nitrogenase reaction we need to be able to measure H2 evolution in 
addition to ethylene production. Our research group is currently 
preparing to conduct experiments of this nature. Measurement of 
proton and acetylene reduction by both V- and Mo-nitrogenase 
would allow us to determine if the allocation of electrons changes in 
the presence of cosolvent. Also, it would be of interest to determine 
if the addition of low concentrations of cosolvent causes Mo- 
nitrogenase to begin evolving ethane.
Further characterization of the ethylene glycol fast relaxation 
phase of Mo-nitrogenase proteins must be accomplished in order to 
establish the utility of cosolvents as quenching agents. First we 
should extend the number of data points taken during the first five
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minutes following addition of cosolvent. This will allow a more 
precise determination of the rate of Avl relaxation. Second, to 
further test of our proposal that the fast recovery phase is due to 
the relaxation of higher En states to the Eo and Ei state, the EPR 
experiment needs to be repeated under the conditions of low flux 
(low [Av2']). Under low flux, the proteins never leave the lower 
states and, therefore, the fast relaxation should not be detected.
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